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Prostaglandins of the E-series (PGEs) and РСТ, will inhibit formylmethionylleucylphenylalanine- (f-Met- 
Leu-Phe) induced lysosomal enzyme release and superoxide-anion (О; ) production by neutrophils. The 
inhibitory effects of PGEs and PGI, on neutrophil functional responses have been correlated with their 
ability to increase intracellular cAMP. In this study we have examined the effects of PGEs and РСТ, on 
Í-Met-Leu-Phe- and phorbol-myristate-acetate-induced rat neutrophil membrane potential changes using ап 
optical probe of membrane potential 3,3-dipropylthiodicarbocyanine iodide. 15-(5 )-15-methyl-PGE, (15- 
methyl-PGE,), а stable analogue of PGE, and РСІ, inhibited f-Met-Leu-Phe-induced transmembrane 
| potential changes in a dose-dependent manner. 'This inhibition was correlated with the ability of these agents 


PGE, and РСІ,, did not inhibit phorbol-myristate-acetate-induced transmembrane potential changes and 
Oy production. These results suggest independent mechanisms of activation of neutrophils by phorbol 
myristate acetate and f-Met-Leu-Phe, and they also suggest that the inhibitory effects of prostaglandins and 
cAMP on f-Met-Leu-Phe-stimulated cells is at a step or steps prior to activation of those processes involved 
in effecting changes in transmembrane potential, which are common to both stimuli. 


anion and lysosomal degranulation. А high degree 
of correlation. of stimulus-induced changes in 


Stimulation of certain neutrophil functions: by 
f-Met-Leu-Phe is initiated by its binding to a 


. specific formyl peptide receptor on the plasma 


membrane. One of the early events following the 
binding of f-Met-Leu-Phe to its receptor is a change 
in sodium, potassium and calcium ion fluxes across 
the plasma membrane, associated with a change in 
the transmembrane potential. These events have 
been shown to precede the release of superoxide 


Abbreviations: f-Met-Leu-Phe, N-formylmethionylleucyl- 
phenylalanine; ДЕ, relative fluorescence change; ТРСК, tosyl- 
L-phenylalanylchloromethyl ketone; di(S)-C,-(5), 3,3’-dipro- 
pylthiodicarbocyanine iodide; PGE,, prostaglandin E,; 15- 
methyl-PGE,, 15-($)-15-methyl-prostaglandin E,; PGI,, pros- 
taglandin I,; PGF,,, prostaglandin Fa 
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transmembrane potential with the production of 
O; and degranulation has been demonstrated 
[1-3]. 

Prostaglandins of the-E series (PGEs) апа PGI,"" 
have been shown to inhibit neutrophil- dependant 
inflammatory reactions in, vivo. Systemic tréat- 
ment of rats with PGE, will inhibit i immune:com- | 
plex-induced vasculitis in the skin [4] carra- 


. geenin-induced inflammation in the rat footpad [5] 


and adjuvant arthritis [6]. Іп addition, pretreat- 
ment of neutrophils with PGEs or РОТ, has been 
shown to inhibit neutrophil chemotaxis [7], aggre- 
gation [8] О; production [9-11] and degranula- 
tion [12]. 

The inhibition of neutrophil stimulation by f- 
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Met-Leu-Phe is thought to be mediated by 
increases in intracellular cAMP levels induced by 
PGEs and PGI,. Studies performed using mast 
cells and basophil leukemia cells lines have corre- 
lated the inhibition effects of prostaglandins and 
cAMP on calcium release and degranulation with 
their ability to inhibit cell membrane-associated 
phospholipid transmethylation reactions [13]. Ad- 
ditional studies suggest that the inhibitory effects 
of PGE,, PGI, and cAMP on platelet aggregation 
are secondary to their ability to decrease intracell- 
ular free-calcium levels after stimulation [14,15]. 

- In an effort to clarify the mechanisms by which 
PGEs and РОТ, modify neutrophil stimulation, we 
have investigated the effects of these agents on the 
transmembrane potential change associated with 
f-Met-Leu-Phe stimulation of rat neutrophils. We 
have found that PGEs, PGI, and other agents 
which increase intracellular cAMP levels inhibit 
f-Met-Leu-Phe-induced transmembrane potential 
changes at concentrations which also inhibit su- 
peroxide-anion production and degranulation. The 
data indicate that these agents can alter an early 
biophysical response of rat neutrophil plasma 
membrane to f-Met-Leu-Phe stimulation; and fur- 
ther suggest that this effect may be mediated by 
increases in intracellular cAMP levels. 


Materials and Methods 


Animals and chemicals. Adult female Long 
Evans rats, weighing approx. 400 g, were used 
throughout this study. All chemicals were 
purchased from Sigma (St. Louis, MO), unless 
otherwise noted. Prostaglandins, including 15-(S)- 
15-methyl-PGE,, were kindly provided by Dr. John 
Pike of the Upjohn Co. (Kalamazoo, MI). The 
cyanine dye 3,3’-dipropylthiodicarbocyanine 
(di(S)-C,-(5)) was obtained from Molecular Probes 
Incorporated (Junction City, OR). Prostaglandins 
were prepared as stock solutions in ethanol (10 
mg/ml). Cytochalasin B (5 mg/ml), and N-for- 
mylmethionylleucylphenylalanine were prepared 
and stored as 1. 107? M tock solutions in dimeth- 
ylsulfoxide at ~ 20°C, 

Preparation of neutrophils and enzyme and О; 
assays. Cells were suspended in a balanced salt 
solution consisting of 138 mM NaCl/5.4 mM 
KCl/1.6 mM CaCl,/0.8 mM MgSO,/0.8 mM 


Ма, НРО,/0.8 mM КН,РО,/10 mM Hepes (pH 
7.4). Neutrophils were obtained from rat peri- 
toneal cavities approx. 16 В after injection of 50 ml 
of 1.0% oyster glycogen in 0.9% of saline, as 
previously described [16]. Lysosomal enzyme re- 
lease was performed by incubating 2. 105 cells in 
the presence of 5 ug/ml cytochalasin B at varying 
concentrations of f-Met-Leu-Phe in a total volume 
of 250 ul for 10 min at 37°С. Reactions were 
terminated by placing the tubes in an ice-bath 
followed by centrifugation. N-Acetyl--p-glucos- 
aminidase, lysozyme and lactate dehydrogenase 
activities were assayed in the supernatant, as previ- 
ously described [17,18]. АП] assays were performed 
in triplicate, and the data are expressed as per- 
centage of maximum (as assessed by using 0.195 
Triton X-100 to lyse cells completely) enzyme re- 
lease (-:: S.E). The amount of superoxide anion 
produced was determined by the superoxide dis- 
mutase-inhibitable reduction of ferricytochrome c 
by stimulated cells, as previously described [9], 
and the results are expressed as nmol О; /106 
cells per 10 min, using an extinction coefficient of 
212 ст”! mM ^! at 550 nm. All assays were 
performed in triplicate and data are expressed as 
mean values + S.E. 
, Measurement of membrane potential changes. 
Membrane potential changes were measured as 
previously described [3]. Briefly, neutrophils (2: 
106 cells/ml) were exposed to 2 · 10: M diS-C,-(5) 
at 37? C with constant stirring of the cell suspen- 
sion, until (usually after less than 5 min) there was 
no change in the fluorescence intensity as mea- 
sured using a Varian $2330 spectrofluorimeter. 
The cells were then stimulated with various con- 
centrations of f-Met-Leu-Phe or phorbol myristate 
acetate, and the maximum change in fluorescence 
(excitation at 622 nm, emission as 655 nm and 
band' widths of 10 nm) was determined. The rest- 
ing membrane potential was determined using the 
‘null point? method as described previously [3]. 
Membrane potential changes were expressed as the 
maximum change in fluorescence (AF). 
Measurement of cAMP levels. 1.0 ml of rat 
neutrophils (5 · 10$ cells/ml) were incubated in the 
presence or absence of prostaglandins for 5 min at 
37°С. The reaction was stopped by the addition 
of trichloroacetic acid, to a final concentration of 
6%. Тһе supernates obtained after centrifugation 


(2000 x g for 50 min) were extracted three times 
with diethylether (1.0 ml vol.) to remove trichloro- 
acetic acid. The aqueous phase was then evaporated 
to dryness. The dried samples were then, resus- 
pended in 0.05 M sodium acetate (pH 6.2), and 
cAMP levels were determined by radioimmunoas- 
say (New England Nuclear, Boston MA). | 

Statistical analysis. Student's t-test (two-tailed 
analysis) was used to compare the mean values of 
the responses of treated cells with those for non- 
treated control cells. P values less than 0.05 were 
considered statistically significant. 


Results 


Effects of prostaglandins on f- Met-Leu-Phe-induced 
transmembrane potential changes · 

The effect of 15-methyl-PGE,, a stable ana- 
logue of PGE, [4] on f-Met-Leu-Phe-induced 
changes in AF of rat neutrophils incubated with 
di(S)-C,-(5) was examined. 15-methyl-PGE, in- 
hibited f-Met-Leu-Phe-induced. transmembrane 
potential changes in a dose-dependent manner 
(Бір. 1). 1.1074 M 15-methyl-PGE, inhibited f- 
Met-Leu-Phe-induced АҒ by more than 60% over 
a broad range of concentrations of stimulus. 1- 
10-5 M 15-methyl-PGE, was much less effective 
in inhibiting f-Met-Leu-Phe-induced AF at each 


TABLE 1 
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-log f met-leu-phe [M] 


Fig. 1. Inhibition of f-Met-Leu-Phe-induced transmembrane 
potential changes. 2-10° neutrophils/ml were equilibrated with 
di(S)-C,-(5) (2 pM, final concentration). Varying doses of 
f-Met-Leu-Phe were added to cells pretreated for 5 min at 
37? C with; ethanol (0.1%, final concentration), (О ——— О), 
15-methyl-PGE, (10-5 M), (д- - -д), and 15-methyl-PGE, (1- 
107^ M), (G—-—D). Results are duplicate determinations with 
variations smaller than 10%. 


concentration of stimulus. Increasing concentra- 
tions of f-Met-Leu-Phe failed to overcome totally 
the inhibitory effects of 15-methyl-PGE,, even at 
concentrations of stimulus as high as 1- 1075 M. 
The inhibition of the f-Met-Leu-Phe-induced 


EFFECT OF PROSTAGLANDINS ON f-Met-Leu-Phe-INDUCED CHANGES IN FLUORESCENCE OF diS-C,-(5)-TREATED 


RAT NEUTROPHILS. 


Rat polymorphonuclear neutrophils were equilibrated with diS-C,-(5) prior to pre-treatment with each reagent (37°C, 5 min.) Cells 
were stimulated with f-Met-Leu-Phe, and the maximum change in fluorescent intensity (AF) was determined. ДЕ values represent 
means + S.E. Each experiment shown 1$ а representative example from at least three separate experiments n.s., not significant. 








Treatment | ДЕ % inhibition Р уаше 
f-Met-Leu-Phe (1-10 7 M) 19.8: 1.6 - - 
f-Met-Leu-Phe + 15-methyl-PGE, (1-107? M) 1.2+0.2 43.3 < 0.01 
f-Met-Leu-Phe+ РОЈ, (1 1075 M) 12.2+1.9 38.1 < 0.05 
f-Met-Leu-Phe-- PGF, , 

(1:107? M) s 23.54: 5.0 -172 n.s. 
f-Met-Leu-Phe (1-1077 М) 26.0+1.2 - - 
f-Met-Leu-Phe + 15-methyl- 

-PGE, (3:107? М) 14.8 1.7 43.1 < 0.001 
f-Met-Leu-Phe + dibutyryl 

cAMP (1-107? M) 14.5 12.0 44.2 « 0.001 
f-Met-Leu-Phe + 

isoproterenol (5-1076 M)+ 

theophylline (5-1074 М) 15.740.9 39.6 < 0.001 
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Time (min) 


Fig. 2. Effect of 15-methyl-PGE, оп f-Met-Leu-Phe-induced 
di(S)-C,-(5) fluorescence. 2.108 neutrophils/ml were equi- 
librated with. di(S)-C,-(5) (2 pM, final concentration). Cells 
were pre-treated (1) with either ethanol (0.1% final cancentra- 
tion) ( ) or 15-methyl-PGE, (10 ИМ, final concentra- 
tion) (------ ) for 5 min at 37°С prior to stimulation with 
f-Met-Leu-Phe (1:107? M, final concentration). The second 
arrow indicates addition of f-Met-Leu-Phe (FMLP). 





transmembrane potential change by 15-methyl- 
PGE, demonstrated a molecular class specificity, 
since PGL,, but not PGE,,, also inhibited f-Met- 
Leu-Phe-induced fluorescence changes (Table I). 
Although 15-methyl-PGE, pretreatment of rat 
neutrophils decreased the maximum f-Met-Leu- 
Phe-induced transmembrane potential change, it 
did not alter the lag time to achieve maximal 
fluorescence (Fig. 2).After a 5 min preincubation 
of rat neutrophils with 15-methyl-PGE, (1-1075 
М), the fluorescence change with 1-Ме!-Гги-Рће 
occurred rapidly, reaching a maximum within 60 s, 
followed by a gradual decrease in fluorescence. 

Pre-treatment of rat neutrophils with 15- 
methyl-PGE, did not significantly alter the base- 
line fluorescence of di(S)-C,-(5) or the resting 
membrane potential. The resting membrane poten- 
tial of rat neutrophils in the absence of pros- 
taglandins was calculated to be —60.2 mV, while 
іп the presence of 15-methyl-PGE,, (1:107 * M) 
the resting membrane potential was —58.0 mV. 
Both of these values are consistent with previously 
published values [19,20] and were not significantly 
different. 

The inhibitory effect of 15-methyl-PGE, бп 
f-Met-Leu-Phe-induced transmembrane potential 
changes was reversible. Neutrophils which had 


been washed (twice) with buffered salt solution 
(see Materials and Methods) at 4?C and in- 
cubated at 37°C for 10 min after pre-incubation 
with 15-methyl-PGE, (1.1075 M) showed no in- 
hibition of f-Met-Leu-Phe-induced transmembrane 
potential changes (data not shown) and О; pro- 
duction [9]. In addition, pre-incubation periods of 
30 s with 15-methyl-PGE, produced reproducible 
and significant inhibition of f-Met-Leu-Phe-in- 
duced transmembrane potential changes and О; 
production (data not shown). This correlates with 
the rapid increase in intracellular cAMP levels 
associated with PGE, and РОТ, exposure of neu- 
trophils [7,12]. 


Effect of dibutyryl cAMP апа isoproterenol оп f- 
Met-Leu-Phe-induced transmembrane | potential 
changes 

Since the inhibitory effects of PGEs and РОТ, 
on neutrophil functional responses are thought to 
be mediated by activation of adenylate cyclase and 
increased intracellular cAMP levels, the effects of 
other agents known to elevate cAMP levels on 
f-Met-Leu-Phe-induced fluorescence changes were 
determined. Both dibutyry] cAMP and isopro- 
terenol in the presence of theophylline inhibited 
f-Met-Leu-Phe-induced fluorescence changes in a 
dose-dependent manner (Table I). Preincubation 
of rat neutrophils with dibutyryl cAMP at a con- 
centration of 1-107? M inhibited f-Met-Leu-Phe- 
induced changes in transmembrane potential by 
44.2%. At concentrations of dibutyryl cAMP less 
than 1-107* M no inhibition of transmembrane 
potential changes was observed (data not shown). 
Isoproterenol (5 - 1079 M) in the presence of theo- 
phylline (5-1074 M) (concentrations previously 
shown to produce significant increases in neu- 
trophil intracellular cAMP levels [7,12], produced 
a similar degree of inhibition (39.6%) of f-Met- 
Leu-Phe-induced transmembrane potential 
changes. However, in the absence of theophylline 
or at concentrations of isoproterenol less then 
1-1076 M, minimal inhibition of transmembrane 
potential changes was observed. 


Correlation of inhibition effects of prostaglandins on 
transmembrane potential changes with functional re- 
sponses ы 

The dose-dependent inhibitory effect оп f-Met- 
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TABLE II 


EFFECT OF PROSTAGLANDINS ON PHORBOL-MYRISTATE-ACETATE-INDUCED CHANGES IN FLUORESCENCE OF 
di(S)-C,-(5)- TREATED RAT NEUTROPHILS 


Rat polymorphonuclear neutrophils were treated as described in Table I. Cells were stimulated with phorbol myristate acetate, and the 
maximum change іп fluorescent intensity (AF) was determined. AF values represent теапѕ +5 Е. Each experiment shown 15 a 
representative example from at least three separate experiments n.s., not significant, 





Treatment AF | % inhibition P value 
Phorbol myristate acetate 

(100 ng/ml) 16.6 0.2 - - 
Phorbol myristate acetate + 

15-methyl-PGE, (1.2:107% M) 16.0+0.6 3.6 0.5. 
Phorbol myristate acetate + 

15-methyl-PGE, (6-107? M) 15.7114 54 n.s. 
f-Met-Leu-Phe (1:107? M) 16.5 :£ 0.3 - - 
f-Met-Leu-Phe + 

15-methyl-PGE, (6.1075 M) 10.7 x 0.9 352 < 0.001 
Phorbol myristate acetate 

(100 ng/ml) | 192-13 = = 
Phorbol myristate acetate + 

15-methyl-PGE, (1:107? M) 20.2 1.3 -11 n.s. 
Phorbol myristate acetate 

(10 ng/ml) 17.2+0.6 - - 
Phorbol mynstate acetate + 

15-methyl-PGE, (1-1075 M) 16.7 +0.3 2.9 n.s. 
f-Met-Leu-Phe (1-107 M) 30.0--1.2 - Е 
f-Met-Leu-Phe + 15-methyl- 

PGE, (1-107? M) ! 20.3+1.2 32.6 <001 
TABLE Ш 


EFFECT OF PRE-TREATMENT OF RAT NEUTROPHILS WITH 15-METHYL-PGE,, PGI,, PGF,,, DIBUTYRYL cAMP 
AND DIBUTYRYL cGMP ON О; SECRETION AND LYSOSOMAL ENZYME RELEASE 


Rat polymorphonuclear neutrophils were pre-incubated with the prostaglandins ог cyclic nucleotides for 5 min (37°C) prior to 


stimulation with f-Met-Leu-Phe. the production of О; and secretion of N-acetyl-B-b-glucosaminidase were determined. О; secretion 
and enzyme release are expressed as the mean + S.E. n.s., not significant 


D 











"Treatment OF (nmol/2-10° cells) Ф inhibition P value N-Acetyl-B-O- $ inhibition P value 
glucosaminidase 
% maximum enzyme 
f-Met-Leu-Phe (1-1076 M) 5.90.2 - - 14.7+0.5 Е - 
f-Met-Leu-Phe + 
15-methyl-PGE, (1:107* M) 2.6%0.2 55.9 «0.01 83403 43.5 < 0.02 
f-Met-Leu-Phe + 
15-methyl-PGE, (1-10-°М) 3.3+0.4 44.1 < 0.05 112+0.3 23,8 < 0.05 
f-Met-Leu-Phe 4- 
РОТ, (1-1074 M) 2.5 +01 57.6 <0.01 92-02 374 < 0.01 
f-Met-Leu-Phe+ . 
PGI, (1-107? M) 374x041 372 «002. 12.3401 16.3 « 0.05 
f-Met-Leu-Phe + 
РСЕ, (1-107? M) 5.5 +0.2 6.8 n.s. 14.2 +0.2 3.4 1.5. 
f-Met-Leu-Phe + А 
dibutyryl cAMP (1-107? М) 32+01 45.7 «002 118404 19.7 < 0.05 
f- Met-Leu-Phe + 


dibutyryl cGMP (1-10-3М) 5.90.2 0.0 ns. 15.0403 2.0 ns. 
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TABLE IV 


EFFECT OF PRE-TREATMENT OF RAT NEUTROPHILS WITH 15-METHYL-PGE, ON PHORBOL-MYRISTATE- 


ACETATE-INDUCED О; SECRETION. 


Rat neutrophils (2-105 cells) were pre-incubated in the presence or absence of 15-methyl-PGE, (1-107 * M) at (37°C, 5 min) and 
then stimulated with either phorbol myristate acetate of f-Met-Leu-Phe and incubated for an additional 10 min at 37°C. The number 
of nmol of О; produced was determined (see Materials and Methods). Values represent means + S.E. Each experiment shown is а 
representative example from at least three separated experiments HBSS, Hanks’ balanced salt solution; n.s., not significant. 





Treatment О; (nmol/2-10$ % inhibition P value 
cells) 

HBSS 3.0+0.4 - - 

Phorbol myristate acetate 

(100 ng/ml) 44.7 4 0.3 - - 

(10 ng/ml) 39.6: 1.0 - - 

(1 ng/ml) 4.3 10.3 - - 
Phorbol myristate acetate 

(100 ng/ml) -- 15-methyl-PGE, (1:1074 M) 49.3 +1.6 —10.3 n.s. 

(10 ng/ml + 15-methyl-PGE, (11074 M) 419440.9 —5.8 n.s, 

(1 ng/ml + 15-methyl-PGE, (1-1074 М) 4.5+0.1 —4.6 n.s. 
HBSS + 15-methyl-PGE, (1-1074 M) 27+14 10.0 n.s. 
f-Met-Leu-Phe (1:107 M) 57401 - = 
f-Met-Leu-Phe (1-1074 М) 314032 45.6 Р < 0.01 


Leu-Phe-induced fluorescence changes by 15- 
methyl-PGE, and PGI, correlated with. their in- 
hibitory effects on f-Met-Leu-Phe-induced super- 
oxide anion production and lysosomal enzyme re- 
lease (Table IIT). Concentrations of 15-methyl- 
PGE, and PGI, greater than 1.1075 M and di- 
butyryl cAMP (1-107? M) consistently inhibited 
f-Met-Leu-Phe-induced transmembrane potential 
changes and O; production by approx. 40%. 
However, these agents appeared to be less effective 
in inhibiting f-Met-Leu-Phe-induced lysosomal en- 
zyme release. Although 15-methyl-PGE, and PGI, 
at relatively high concentrations (1. 10-4 M) in- 
hibited N-acetyl-8-p-glucosaminidase release to 
relatively the same degree as О; and transmem- 
"brane potential changes, at 1-107? M there was 
only an approx. 20% inhibition of enzyme release 
compared to a 40% inhibition of О; production 
and transmembrane potential change. A similar 
differential effect of dibuturyl cAMP on the func- 
tional response of rat neutrophils was observed. 
Dibutyryl cAMP at 1 - 107? M inhibited lysosomal 
enzyme release by 19.7%, compared to a 45.7% 
inhibition of О; production. In contrast, neither 
PGE, nor dibutyryl cGMP altered either the 
functional responses of the cells to f-Met-Leu-Phe 
or the f-Met-Leu-Phe-induced membrane potential 


changes. These data suggest a close correlation 
between changes in transmembrane potential and 
O, production and a partial dissociation between 
these two indices of neutrophil stimulation and 
degranulation. 


Effects of prostaglandins on сАМр levels 

The ability of 15-methyl-PGE, to increase rat 
neutrophil intracellular cAMP levels was verified 
and was dose-dependent. At a concentration of 
1-107? M 15-methyl-PGE, there was а 94% (P < 
0.001) increase in intracellular cAMP levels (Table 
V). This is a similar dose range in which consistent 
inhibition of f-Met-Leu-Phe-induced changes of 
both fluorescence and functional responses were 
observed. However, at concentrations of 15- 
methyl-PGE, of 1-10% M or theophylline of 5. 
1074 M, there was no consistent inhibition of 
either the f-Met-Leu-Phe-induced changes in 
transmembrane potential or functional responses, 
despite а 20-30% increase in intracellular cAMP 
levels. These observations suggest that significant 
elevations of intracellular cAMP levels of approx. 
100% above baseline levels are necessary for sig- 
nificant inhibition of f-Met-Leu-Phe-induced re- 
sponses of glycogen elicited rat neutrophils. 


TABLE У 
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EFFECT ОЕ PROSTAGLANDIN E, AND THEOPHYLLINE ON INTRACELLULAR cAMP LEVELS OF RAT NEU- 


TROPHILS 


0.5 ml of rat polymorphonuclear neutrophils (1-107 cells/ml) were pre-incubated at 37°C for 5 min. in the presence or absence of 
15-methyl-PGE, or theophylline. The reactions were terminated by the addition of trichloroacetic acid (final concentration 6%), and 
the concentrations of cAMP were determined. АП assays were performed in triplicate and Student's t-test was used to compare treated 
with nontreated cells. Each experiment shown is a representative example from at least three separate experiments 


Treatment 
(pmol/5- 10$ cells) 


None ° 401::0.07 





15-Methyl-PGE, (1.0 uM) 5.154: 0.25 
15-Methyi-PGE, (10 М) 7.79 + 0.32 
15-Methyl-PGE, (100 им) , 7.47 + 0.97 
Theophylline (5-1074 M) 4.80 + 0.06 





Effects of 15-metyl-PGE, оп phorbol-myristate- 
acetate-induced responses 

In contrast to the inhibitory, effects of 15- 
methyl-PGE, оп f-Met-Leu-Phe-induced neu- 
trophil responses, no inhibition of phorbol-myri- 
state-acetate-induced membrane potential changes 
(Table П) and О; production (Table IV) were 
observed over a range of doses of stimulus. These 
studies. indicate a stimulus-specific inhibitory ef- 
fect of 15-methyl-PGE, on the stimulated neu- 
trophil fluorescence changes of di(S)-C,-(5)-treated 
rat neutrophils and О; production. 


Discussion 


Prostaglandins of the E series and PGI, have 
been. shown to inhibit the production of О;, 
chemotaxis and secretion of lysosomal enzymes by 
neutrophils in response to a variety of stimuli, 
including f-Met-Leu-Phe [7-12]. However, there is 
a paucity of data examining the effect of pros- 
taglandins on the early biochemical and biophysi- 
cal events associated with stimulus-response cou- 
pling in the neutrophil. The data presented here 
demonstrate an inhibitory effect of 15-methyl- 
PGE, and PGI, on f-Met-Leu-Phe-induced mem- 
brane potential changes of rat neutrophils. This is 
correlated with the inhibitory effects of 15-methyl- 
PGE,, PGI, and other agents known to increase 
intracellular cAMP levels on f-Met-Leu-Phe- 
stimulated O7 production and lysosomal enzyme 
secretion. Other authors have demonstrated inhibi- 
tory effects of PGEs, PGI, and cAMP agonists on 


cAMP concentration 





% increase P value 
28.4 <005 
940 < 0.001 
862 < 0.05 
197 < 0.02 








neutrophil functional responses in a variety of 
species [7-12]. This study correlates the inhibitory 
effects of these agents with their ability to inhibit 
one.of the early events associated with stimulus-re- 
sponse coupling in the neutrophil, 1.е., changes in 
cell transmembrane potential. 

Recently, Seligman et al. [21] observed a similar 
inhibition by histamine of f-Met-Leu-Phe-induced 
changes in transmembrane potential in human 
neutrophils. This inhibitory effect by histamine 
was correlated with its ability to inhibit f-Met- 
Leu-Phe-induced functional responses of human 
neutrophils and was blocked by H, receptor 
antagonist. Histamine has been shown by other 
authors to activate neutrophil-adenylate cyclase 
and increase intracellular cAMP levels [22]. There- 
fore, similar mechanisms of inhibition of trans- 
membrane potential may underlie the inhibitory 
effect of histamine, PGEs and PGI,. This possibil- 
ity is supported by the close correlation between 
intracellular ‘cAMP elevation and inhibition of 
membrane potential changes. 

In contrast to the inhibitory effects of 15- 
methyl-PGE, on f-Met-Leu-Phe-induced О; pro- 
duction and changes in membrane potential, 15- 
methyl-PGE, did not inhibit either phorbol myri- 
state acetate induced membrane potential changes 
or О; production. These observations further 
clarify the metabolic events associated with stimu- 
lus-response coupling in the neutrophil. Several 
laboratories have described distinct specific recep- 
tors for binding of f-Met-Leu-Phe and phorbol 
myristate acetate to neutrophils [17,24—27]. After 
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binding of f-Met-Leu-Phe to the formyl peptide 
receptor on the neutrophil, a complex series of 
events occurs. One of the earliest events includes 
changes in Ма“, K* and Ca?* fluxes across the 
сей membrane and changes in transmembrane 
potential [1—3,28,29]. These changes in transmem- 
brane potential can be monitored by changes in 
the fluorescence intensity of a variety of cyanine 
dyes, including di(S)-C,-(5). Subsequent to changes 
in ion fluxes and transmembrane potential is the 
expression of the functional responses of the neu- 
trophil, including О; production. Since neither 
15-methyl-PGE, nor dibutyryl cAMP altered 
phorbol-myristate-acetate-induced neutrophil re- 
sponses, it would appear that the primary inhibi- 
tory effect of prostaglandins and cAMP on :-Met- 
Leu-Phe-stimulated cells is at a step or steps prior 
to activation of those processes involved in effect- 
ing changes in transmembrane potential, which are 
common to both f-Met-Leu-Phe and phorbol 
myristate acetate stimulation. 

Two mechanisms for the inhibition of in- 
flammatory cell activation by prostaglandins and 
cAMP have been proposed. Studies performed 
using mast cells and basophil leukemia cell lines 
suggest that prostaglandins and adenylate cyclase 
agonists increase cAMP levels and inhibit cell 
membrane-associated phospholipid transmethyla- 
tion reactions that occur subsequent to cell stimu- 
lation and prior to calcium release and degranula- 
tion [13]. If similar mechanisms occur in f-Met- 
Leu-Phe-stimulated neutrophils, our data would 
suggest that phorphol myristate acetate stimula- 
tion of neutrophils does not require phospholipid 
transmethylation reactions for changes in mem- 
brane potiential and functional responses to occur; 
and/or the methyltransferase activities associated 
with phorbol myristate acetate activation of hu- 
man neutrophils are not regulated by prostaglan- 
dins and cAMP. 

The second proposed mechanism for the inhibi- 
tory activity of prostaglandins as mediated via 
cAMP is that these agents alter the availability of 
intracellular free calcium. Studies performed using 
platelets in which transmethylation reactions do 
not appear to be a requirement for biological 
activity [30] indicate that РОТ, and increased in- 
tracellular cAMP levels decrease intracellular 
free-calcium levels after stimulation [14,15]. The 


data suggest that increased cAMP levels activate a 
calcium-dependent ATPase with increased seques- 
tration of free calcium in the dense tubular system. 
Stimulation of rabbit and human neutrophils with 
f-Met-Leu-Phe causes a rapid increase in free in- 
tracellular calcium, as determined using the 
calcium-sensitive fluorescent probe quin-2 [31] 
This increase in intracellular calcium correlates 
with the ability of f-Met-Leu-Phe to induce neu- 
trophil degranulation and О; production. In addi- 
tion, pretreatment of neutrophils with the in- 
tracellular calcium antagonist, 8-( №, N-diethyl- 
amino)octyl-3,4,5-trimethoxybenzoate also inhibits 
f-Met-Leu-Phe-induced О; production [32]. Thus, 
there is ап abundance of data supporting the 
importance of intracellular calcium for stimulus- 
response coupling in the neutrophil. However, the 
role of intracellular free calcium as a second mes- 
senger associated with phorbol myristate acetate 
stimulation of neutrophils is less clear. Although 
8-( №, N-diethylamino)octy1-3,4,5-trimethoxyben- 
zoate inhibits phorbol-myristate-acetate-induced 
neutrophil О; production [33], experiments by 
Sha'afi et al. [31], using quin-2, failed to demon- 
strate a rise in the level of free intracellular calcium 
with phorbol myristate acetate stimulation. This 
latter observation may explain the differential af- 
fects of prostaglandins on f-Met-Leu-Phe and 
phorbol-myristate-acetate-induced О; production. 
The data support the hypothesis that prostaglan- 
dins and cAMP modulate intracellular free calcium 
levels as their primary mechanism of inhibiting 
neutrophil biologic responses. 

Additional effects of prostaglandins on cell 
membranes have been described. Kury et al. [34] 
observed increased deformability of PGE,-treated 
red blood cells and correlated these changes with a 
decrease in orientational relaxation times of fatty 
acid spin-labeled erythrocytes. They concluded that 
the fatty acid side chains in cell membrane phos- 
pholipids are more liquid or fluid in the presence 
of PGE,. Therefore, it is possible that the inhibi- 
tory activity of 15-methyl-PGE, and PGI, toward 
neutrophils are in part secondary to direct altera- 
tions of the neutrophil plasma membrane's physi- 
cochemical properties. Three recent studies have 
described alterations in ligand-receptor interac- 
tions in prostaglandin treated platelets [35], mac- 
rophages [36] and neutrophils [16]. Of particular 


interest is the observation that neutrophils isolated 
from rats treated with 15-methyl-PGE, show de- 
creased lysosomal enzyme release and О; produc- 
tion in response-to f-Met-Leu-Phe stimulation [16]. 
This is associated with a 2- to 3-fold decrease in 
binding affinity of f-Met-Leu-Phe to the formyl 
peptide receptor on these cells. Alterations in f- 
Met-Leu-Phe receptor interactions may explain the 
ability of PGEs and cAMP to inhibit membrane 
potential changes associated with cell stimulation. 
Additional studies to examine the specificity of 
PGE, and cAMP modulation of neutrophil ligand 
receptor interactions in vitro are currently in pro- 
gress. Although the use of cyanine dyes as indica- 
tors of changes in transmembrane potential is an 
indirect technique for studying electrical potential 
across cell membranes, several authors have dem- 
onstrated a high degree of correlation of stimulus- 
induced fluorescence changes with other indices of 
cell activation, suggesting that this technique is 
indeed a valid measure for examining membrane 
potential changes [1-3]. The relative contributions 
of plasmalemmal or intracellular organelle mem- 
brane potential changes to the changes in fluo- 
rescence intensity of cyanine dyes has been dis- 
cussed in the recent literature [3,37]. Although it is 
difficult to exclude the possibility that changes of 
mitochondrial membrane potentials contribute to 
the observed fluorescence changes associated with 
f-Met-Leu-Phe stimulation, it would appear that 
under our experimental conditions the observed 
changes in fluorescence of di(S)-C,-(5)-labeled cells 
most likely represent changes in plasmalemmal 
membrane potentials. 

In summary, our data indicate that 15-methyl- 
РСЕ, and РОГ, inhibit in a dose-dependent 
manner f-Met-Leu-Phe-induced transmembrane 
potential changes and functional responses of rat 
neutrophils. The lack of inhibiting effects of these 
agents on phorbol-myristate-acetate-induced mem- 
brane potential changes and superoxide-anion pro- 
duction suggest that this stimulus does not require 
the prostaglandin-sensitive step(s) to induce these 
cellular responses. The results confirm previous 
observations suggesting a close association, if not 
tight coupling, between transmembrane potential 
changes and the functional responses of the neu- 
trophil. 
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Levels of ATP and Р, in metabolically active Chinese hamster lung fibroblasts were monitored noninvasively 
by ?! P-NMR over many hours and under a variety of conditions. The cells were embedded in a matrix of 
agarose gel in the form of fine threads which were continuously perfused in a standard NMR tube. The small 
diameter of the thread allows rapid diffusion of metabolites and drugs into the cells. The changes in ATP and 
P, levels were followed as a function of time in response to perfusion with a glucose-containing medium, with 
isotonic saline and with a medium containing 2,4-dinitrophenol, an uncoupler of oxidative phosphorylation. 
This gel-thread perfusion method should enable routine NMR studies of cellular metabolism, and may have 


other potential biological applications. 


Introduction 


A true understanding of cellular biology re- 
quires the ability to monitor metabolism noninva- 
sively. NMR spectroscopy has been applied to the 
noninvasive study of cellular metabolism [1-3]. 
However, to obtain sufficient signal NMR experi- 
ments on cells requires a densely-packed suspen- 
sion (approx. 10% cells/ml). The problems associ- 
ated with such dense suspensions of cells include 
hypoxia, rapid consumption of nutrients and 
build-up of catabolic end-product. Addition of 
nutrients to the cell suspension and intermittent 
bubbling of oxygen partially relieve these prob- 
lems [4,5]. However, effective application of NMR 
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to study the metabolism of cells under controlled 
conditions which simulate the physiological state 
as closely as possible requires continuous perfu- 
sion. 

NMR studies of various isolated perfused 
organs have been reported [6-9]. But, perfusion of 
cells or microorganisms is not straightforward, be- 
cause they flow with the perfusate and block filters 
used to restrain them. To perfuse cells, it is neces- 
sary to sequester them within a limited volume 
(that of the receiver coil), while allowing perfusate 
to flow through, and at the same time ensure that 
the means used to restrain the cells does not 
prevent the rapid diffusion of metabolites into the 
cells. Also, it is important not to reduce the quan- 
tity of cells within the coil, since this reduces the 
signal intensity. Several approaches to cell perfu- 
sion have been reported [10-13], all of which have 
some advantages and disadvantages (see Discus- 
sion). We have succeeded in overcoming the diffi- 
culties involved in cell perfusion by embedding the 
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cells in an agarose gel matrix [14] extruded in the 
form of a fine thread [15]. Cell densities achieved 
in the packed gel threads are comparable to those 
in dense cell suspensions. We have shown that the 
small diameter of the thread (0.5 mm) enables 
diffusion of nutrients and drugs into the center of 
the thread in approx. 1 min, and the spaces be- 
tween the packed threads allow perfusate to flow 
between them. Previously we have briefly de- 
scribed the application of this technique to yeast 
[15]. Here we characterize the method in more 
detail and describe its application to the study of 
the metabolism of mammalian cells under well- 
controlled conditions. 

A preliminary account of some of this work was 
presented by Cohen et al. at the American Society 
of Biological Chemists’ Meeting, San Francisco, 
CA, June 5—9, 1983. 


Experimental 


The apparatus. All glassware was sterilized by 
autoclaving before use. Both the gel thread casting 
apparatus and the perfusion system were flushed 
with citric acid/sodium metabisulfite (0.5 g each 
in 200 ml), absolute ethanol, sterile water, penicil- 
lin/streptomycin (0.2 g each in 200 ml) and the 
growth medium (see below) prior to each experi- 
ment. The gel-thread casting system consists of a 
15 ml Falcon 2095 conical tube which is connected 
to a peristaltic pump via a plastic T-joint, and to 
Teflon tubing (0.5 mm i.d.) that extends to the 
bottom of the conical tube. The perfusion system 
includes a 7 inch long 10 mm o.d. NMR tube with 
a screw-cap top (Wilmad No. 513- TR) and a hol- 
low insert made of Kel-F. The top of the insert is 
fitted with Teflon inlet tubing (0.8 mm i.d.) con- 
nected to a peristaltic pump (Pharmacia model 
P-3) outlet tubing and an optional temperature 
probe (for example, Luxtron model 1000B fluor- 
optic probe). The inlet tubing reaches to the bot- 
tom of the NMR tube through the center of the 
Kel-F insert and is wrapped around with a piece 
of sponge inside the insert to restrain the gel 
threads [15]. 

Gel-thread preparations. Chinese hamster lung 
fibroblasts (V79): were grown in 850 cm? roller 
flasks in F12 medium (GIBCO, Grand island, 
NY) supplemented with 10% fetal calf serum, 


penicillin (0.14 g/l), streptomycin (0.20 2/1) and 
20 mM Hepes at pH 7.35-7.40. The concentration 
of P, in this medium was 1.1076 M, well below 
the level of ?'P-NMR detection. Cells were 
harvested at mid-log phase by removing with 
trypsin and rinsing with the growth medium. Ap- 
prox. (1.5-2.0)- 10? cells were centrifuged down to 
a pellet at 400 g for 3 min and were resuspended 
in approx. 0.7 ml of the medium, and 0.6 ml of a 
1.8% low gelling temperature agarose solution at 
37°C was then added to a final concentration of 
0.695. The cell/gel mixture was thoroughly mixed 
and, while maintained at 37? C in a water bath, 
was extruded under mild pressure through the 
teflon tubing immersed in an ice/water bath into 
an NMR tube containing the medium. This gel- 
casting process usually took up to 10 min. The 
NMR tube was immediately attached to the perfu- 
sion system, and the pump was turned on to allow 
a flow rate of 2.7 ml/min. After the first 10 ml of 
effluent was collected and discarded, the clear 
perfusate was recycled. 

pH control. Тһе pH value of the perfusate was 
constantly monitored and was found to lie be- 
tween 7.35 and 7.40 for up to 3 h. Therefore, 
replacing the perfusate with fresh medium once 
every 2-3 h was sufficient to maintain a constant 
extracellular pH level. The NMR chemical shifts 
of the P, as well as ATP signals change as a 
function of pH [16] In order to determine the 
intracellular pH, titration curves of ?!P chemical 
shifts vs. pH were obtained on fibroblast extracts 
after sonication (60 s) and centrifugation, as well 
as on a solution mixture of ATP, АМР and Р, 
with 85% H,PO, as the external reference. Тһе 
two experiments gave identical titration curves for 
the P, signal. 

Temperature control. Because of the air cooling 
effect on the perfusion inlet and outlet tubings, it 
was necessary to set the probe temperature at 
50? С (at a flow rate of 2.7 ml/min) so that the gel 
threads inside the NMR tube could be maintained 
at 37 + 1? C. These settings were determined using 
a thermocouple (copper-constantan) attached to a 
digital thermometer, as well as a Luxtron 1000B 
fluoroptic probe. However, because the thermo- 
couple interfered with radio-frequency absorption 
in the NMR measurement, only the fluoroptic 
probe, which is noninterfering, could be used dur- 


ing NMR accumulations. Іп experiments where 
perfusion was turned off, the probe temperature 
was kept at 37?C in order to provide the same 
temperature inside the tube. Similarly, for experi- 
ments that were carried out at 25?C the probe was 
simply set at that temperature. 

NMR measurements and perfusion experiments. 
The perfused sample tube (10 mm Wilmad screw- 
cap) was placed into the NMR probe with a 
special tube holder (8.5 cm long, made of Kel-F or 
Rulon LD) for proper balance. The shimming of 
the field homogeneity was achieved, without any 
deuterium-lock or spinning of the sample, by opti- 
mizing the water free induction. decay signal 
through the ?!P observe channel. The ?!P spectra 
were recorded at 109.3 MHz with a Bruker super- 
conducting magnet on a Nicolet 293A spectrome- 
ter equipped with a Nicolet 1180 computer. АП 
spectra were obtained in 2K data points with a 
spectral window of + 3000 Hz and a 78? pulse, 
and a 30 Hz line broadening was applied before 
Fourier transformation. In the experiments with 
glucose-containing medium, 22-min spectra (6000 
scans) were acquired with a repetition rate of 220 
ms. In the saline and dinitrophenol experiments, 
30-min (3800 scans) and 15-min (or 10-min) spec- 
tra were collected with a repetition rate of 470 ms. 
АП the data presented in the figures are the cumu- 
lative results at the end of the 10, 15, 22 or 30 min 
acquisition periods. Peak intensities were mea- 
sured directly from the Nicolet computer after a 
linear base line correction and are accurate to 
5 10%. In order to be certain that the spectral 
intensities observed reflect the true cellular con- 
centrations of the ATP present, the pulse-repeti- 
tion rate was varied over a wide range, and it was 
found that a recycle time of 470 ms with a 78? 
pulse provided the best signal-to-noise ratio within 
the shortest period of time. АП `P chemical shift 
values in the cell spectra were set relative to fully 
protonated Р, as an internal standard, by setting 
the a-ATP signal to — 11.30 ppm, since this signal 
is essentially insensitive to changes in pH [16]. To 
convert "P chemical-shift values relative to exter- 
nal 85% H,PO,, 0.50 ppm should be added. The 
saline-perfusion experiment was carried out after 
the system had equilibrated (typically after about 
1 h) by replacing the growth medium with a 0.9% 
isotonic saline solution containing 20 mM Hepes 
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(РН 7.4). As usual, the first 10 ml of effluent was 
discarded. The 2,4-dinitrophenol (Sigma) experi- 
ment was performed in the same manner, with 
growth medium containing varying amounts of 
dinitrophenol (pH 7.4). Whenever possible, if the 
ATP returned to its original level at the end of the 
experiment, the sample was perfused with а 
medium containing 2 mM phosphocreatine. А 
spectrum with a 67? pulse and a repetition time of 
2.17 s was recorded to quantitate the amount of 
ATP present, which is usually between 1 and 1.5 
mM. T, relaxation times of ATP-a, -B, and -y 
resonances in the fibroblasts under equilibrium 
perfusion conditions at 37? C were determined to 
be: y, 152 + 18; а, 213 + 14; and 8, 243 + 36 ms, 
using the Tj-inversion recovery method with a 
delay time of 2 s. 

Cell viability. Cell viability was determined by 
the colony forming ability of single cells. Cells 
were removed from the gel threads by vigorous 
pipetting. The cell suspension was then passed 
through a sterile nylon mesh (70 um diameter) to 
remove the agarose debris. The cells were then 
counted, diluted, and plated for macroscopic col- 
ony formation. Following 5-8 days of incubation, 
the colonies were fixed with methanol /acetic acid, 
stained with crystal violet and scored. 


Results 


Cell viability in gel threads 

Threads made with Chinese hamster lung 
fibroblasts embedded in agarose gel (Fig. 1A) were 
examined microscopically. Phase contrast micro- 
scopy shows that a very high cell density is achieved 
(Fig. 1B). Paraffin block sections (Fig. 1C) show 
intact nuclei with prominent nucleoli. Recovered 
cells were metabolically functional as demon- 
strated by both a positive Trypan blue exclusion 
test and their relatively high colony-forming abil- 
ity. The colony-forming ability of the cells plated 
immediately after they were embedded in the gel 
threads ranged between 50 and 90%. Those plated 
after 2, 6 and 14.5 h in the gel threads maintained 
at 37? C were 88, 67 and 64% (average of 3 repli- 
cate experiments), respectively, relative to the О h 
controls. The high cloning efficiency of cells main- 
tained in the gel threads for up to 14 h underscores 
the feasibility of conducting long-term experi- 


278 





Fig. 1. (A) Тһе gel threads containing the cells were extruded through thin tubing into the growth medium containing 20 mM Hepes 
buffer which was maintained at pH 7.35-7.40. (В) Phase-contrast microscopy ( х 100) (presented at а 45% reduction) of the gel 
threads, showing a high density of fibroblasts throughout the gel matrix. (C) Paraffin-block sections (7-8 ит) of the gel threads, fixed 
with Bouins stain. Intact nuclei with prominent nucleoli in the cells are visible 


ments on metabolically active, clonable cells. Fur- 
ther, for samples containing less than 1.10” cells, 
the prolonged period of viability in the gel threads 
upon perfusion allows for adequate signal-to-noise 
ratios to be obtained, since time is available for a 
greater number of spectral accumulations. 


Perfusion with glucose-containing medium 

The metabolic activity of cells embedded in the 
gel threads can be evaluated by monitoring their 
ATP levels with ?' P-NMR. The *'P-spectra consist 
of signals from intracellular sugar phosphates, P., 
and ATP [1,15]. Suspensions of fibroblasts without 
intervention lose all ATP in approx. 1.5 h with a 
concomitant increase in the P, level, as indicated 
by the time-dependent changes in the signal levels 
[17]. However, colony-forming ability of a sample 
of cells after 1.5 h in dense suspension in an NMR 
tube, with loss of ATP signals, was 94%. Thus, 
these cells were not dead, but were metabolically 
inactive after 1.5 h in a nonperfused suspension. 
By contrast, the cells in the gel threads. when 
perfused continuously with the glucose-containing 
growth medium, can be maintained in a metaboli- 
cally active state for 18-24 h at 25?C, as evi- 
denced by maintenance of their equilibrium ATP 


levels [17]. The response of the cells in the gel 
threads to perfusion and stopping of perfusion is 
shown in a series of sequentially recorded ?'P- 
NMR spectra in Fig. 2A. The relative changes in 
P, and ATP intensities as a function of time are 
presented in Fig. 2B. It should be noted that some 
intensity in the peaks referred to as y- and a-ATP 
could derive from Й- and a-ADP, respectively. 
However, because the relative spectral intensity of 
the y and a peaks and the B-ATP peak are ap- 
proximately equal, the amount of NMR-observa- 
ble ADP present is negligible. Since the decrease 
in the intensity of all three ATP peaks appeared to 
be parallel within experimental error, the calcu- 
lated ATP levels are the average of all three ATP 
peak heights. 

During continuous perfusion, the chemical-shift 
values of the ?'P-signals remained constant. The 
signal of P, at 1.6 ppm reflected an intracellular 
pH of 7.35. The intracellular pH was estimated 
using a calibration curve of chemical shift of P, vs. 
pH derived from the cell extracts. The ATP phos- 
phate signals were observed at —6.2 and — 20.1 
ppm for the y- and f-phosphates, respectively, 
with the a-phosphate signal set to. —11.3 ррт. 
After the perfusion was stopped, changes were 
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Fig. 2. (A) Stacked plot of ?! P-NMR spectra of fibroblasts embedded in agarose gel threads at 25? C, showing the effects of stopping 
perfusion and subsequently reperfusing with a glucose-containing medium. The perfusion was started at 0.4 В (a), stopped twice, at 0.7 
(b) and 8.1 h (d), and restarted twice, at 4.0 and 13.6 h (e), as shown by the arrows. Each spectrum was a 22 min accumulation. The 
«-ATP resonance was set to — 11.3 ppm in all spectra. (B) Plot of the relative intensities of ATP ( 
function of time from (A). The ATP intensity was the average of a-, В-, and y-resonances. Each data point was the cumulative result at 
the end of a 22 min accumulation. Up and down arrows denote when the perfusion was turned on and offf, respectively. (C) Fits to 
equation F(x) = a + be™ of ATP-relative intensities during the second perfusion (6, 4.0-8.1 h) and nonperfusion (О, 8.1-13.6 h) 
periods іп (B). The time constants (c) derived from the fits are 0.73 + 0.08 and 0.44 0.04 h 7 !, respectively. 





observed in all of the phosphate signals. The P, The ү-АТР signal shifted gradually to —6.8 ppm, 
peak shifted upfielc until it reached a value corre- whereas the chemical shift of the. 8-ATP changed 
sponding to an intracellular pH of approx. 5.80. very little. The intensity of the P, signal continued 
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Fig. 3. Plot of the relative intensities of АТР ( ) and P, 
(------ ) NMR signals of fibroblasts embedded іп gel threads, 
as a function of time at 37°C with and without perfusion. 
Perfusion was turned off and on at times indicated by the up 
and down arrows. 


to increase throughout this time-period, while the 
signals of the ATP phosphates showed a concom- 
itant decrease (Fig. 2B). Reperfusion of the gel 
threads resulted in a metabolic response that was 
the reverse of the effect observed after the perfu- 
sion was turned off. However, the P, peak intensity 
decreased more rapidly than the concomitant in- 
crease in the ATP level. On reperfusion, both the 
P, and ATP levels were restored to their original 
values. When the process was repeated, the cellular 
response detected by ?!'P-NMR paralleled that of 
the initial nonperfusion/perfusion period (Fig. 2A 
and В). The change in signal intensities for the 
total ATP during the periods of perfusion and 
nonperfusion exhibited similar, although opposite, 
rates (Fig. 2C). Fitting with an exponential func- 
tion gave exponential time constants of 0.73 + 0.08 
and 0.44 + 0.04 h^, respectively. Attempts to fit 
the P, data were unsatisfactory. 

А similar but faster response in the 7Р-ЧМК 
signal intensities of P, and ATP of the cells in the 
gel threads was also observed on altering perfusion 
at 37? C (Fig. 3). There were too few data points 
at that temperature to fit an exponential function 
adequately. 


Perfusion with isotonic saline 
The response of the cells in the gel threads to 
changing the glucose-containing medium to iso- 


tonic saline at 37? was similar to the results of 
stopping the perfusion. The cells were perfused for 
105 min with isotonic saline/Hepes (pH 7.35) at 
37°C. Spectra were obtained every 15 min. Repre- 
sentative spectra are shown in Fig. 4A, and the 
relative changes in P, and ATP intensities are 
presented in Fig. 4B. After 1 h, there was a signifi- 
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Fig. 4. (A) ?! P-NMR spectra of fibroblasts іп gel threads 
during perfusion’ with isotonic saline/Hepes at 37? C, A, con- 
trol at 0.25 h; B and С, at 0.5 and 1,75 В, respectively, after 
switching to saline solution. Each spectrum was a 30 min 
accumulation (B) Plot of ATP- ( ) and Р- (------ ) 
relative intensities as a function of time on perfusing with 
isotonic saline solution. Up and down arrows denote when the 
perfusate was switched to saline solution and back to glucose- 
containing medium, respectively 
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Fig. 5. Responses of fibroblasts іп perfused gel threads to 
dinitrophenol at 37°C, as monitored by ?!P-NMR spectro- 
scopy. The perfusate was switched to a dinitrophenol-contain- 
ing medium at time zero after the control spectrum had been 
obtained. А, 10 mM dinitrophenol, 15 min accumulation; В, 25 
mM, 10 пип accumulations. Times іп minutes shown to right of 
spectra, 


cant loss of ATP signal accompanied by an equiv- 
alent increase in the intensity of the P, signal. The 
chemical shift of the P, peak during perfusion with 
the glucose-containing medium and that during 
perfusion with the isotonic saline (1.33 ppm) were 
not significantly different. The ү-АТР signal 
shifted slightly upfield during the isotonic saline 
perfusion, and the B-ATP signal did not change 
significantly. When the gel threads were reper- 
fused with glucose-containing medium, the re- 
covery of ATP and the loss of P, in the cells were 
seen immediately (Fig. 4A and B). After 30 min of 
reperfusion, the intensity of the P, signal was com- 
parable to that of the control spectra prior to 
isotonic saline perfusion. The recovered levels of 
ATP and P, could be maintained for more than 2 
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Perfusion with dinitrophenol 
Dinitrophenol acts as an uncoupler of oxidative 
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phosphorylation (Ref. 18 and references therein). 
'The fibroblasts embedded in gel threads were per- 
fused with growth medium containing several dif- 
ferent concentrations of dinitrophenol at pH 7.48 
and 37°С. This caused an increase in intensity of 
the original P, peak (at approx. 1.4 ppm), as well 
as the appearance of a new peak at 0.5 ppm with 
increasing intensity (Fig. 5). Since this new peak 
cannot be attributed to AMP (approx. 3.0 ppm), 
the two peaks at 1.4 and 0.5 ppm appear to 
represent two P, signals in separate compartments 
[19,20] with an estimated pH of 7.2 and 6.4, re- 
spectively. An initial decrease of the ATP level was 
also observed, followed by either a leveling-off of 
АТР or a slight recovery of ADP (Fig. 5), depend- 
ing on the dinitrophenol concentration used. The 
rate of decrease in the ATP level and the rate of 
increase in P, were much higher in the presence of 
25 mM dinitrophenol (Fig. 5B) than in 10 mM 
dinitrophenol (Fig. 5A). The ATP level reached a 
steady-state value after 60 min exposure to 10 mM 
dinitrophenol; however, in the presence of 25 mM 
dinitrophenol the ATP intensity dropped to near 
zero after 20 min. Reperfusion of either of these 
dinitrophenol-treated cells with fresh growth 
medium without dinitrophenol reversed the 
changes caused by dinitrophenol and restored the 
АТР and P, signals nearly to their original levels. 

Тһе same experiment was repeated with 15 and 
35 mM dinitrophenol (data not shown). Ав ex- 
pected, the response of embedded cells to 15 mM 
dinitrophenol fell between that to 10 and 25 mM 
dinitrophenol, Whereas with 35 mM dinitrophenol 
present the ATP level dropped almost immediately 
to zero. Аз before, a new P, peak appeared at 
approx. 0.5 ppm with increasing intensity, while 
the original Р; peak at approx. 1.3-1.4 ppm grew 
at a much lower rate. 


Other perfusion experiments 

The Chinese hamster lung fibroblasts in gel 
threads have also been subjected to perfusion with 
a medium containing 2-deoxyglucose instead of 
glucose, a glucose-depleted medium and a 
DCCD,/ cyanide-containing medium at 37? C (data 
not shown). When exposed to 2-deoxyglucose in- 
stead of glucose, a peak at approx. 4.7 ppm arising 
from 2-deoxyglucose 6-phosphate appeared within 
20 min. The intensities of 2-deoxyglucose 6-phos- 
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phate, АМР and P, signals increased as those of 
ATP signals decreased with time. Unlike the 2-de- 
oxyglucose experiment, perfusion with glucose- 
depleted medium or medium containing cyanide 
(20 mM) or DCCD (2 mM) alone produced little 
or no effect on the ATP and P, signals. However, if 
the cells were perfused with 2 mM DCCD for 1 h, 
followed by addition of 10 mM NaCN to the 
perfusate, a total loss of ATP signals occurred 
immediately. 


Discussion 


This report describes our first applications of 
the gel-perfusion method to NMR studies of mam- 
malian cells. We have demonstrated that Chinese 
hamster lung fibroblasts remain viable in the gel 
threads over periods of many hours, as evidenced 
by their colony-forming ability. Cellular energy 
metabolism remained at equilibrium upon perfu- 
sion with glucose-containing medium, as indicated 
by the maintenance of the ATP level and constant 
intracellular pH. 

Cellular metabolism responded as expected 
upon stopping perfusion and then reperfusing. 
Changes in ATP and P, levels were opposite, and 
the total phosphate metabolite pool remained ap- 
proximately constant (Fig. 2B). The overall rates 
of production and loss of ATP were found to be 
approximately equal and to fit a simple exponen- 
tial function (Fig. 2C). There was an acidification 
of the intracellular pH upon stopping perfusion 
similar to the response observed for dense suspen- 
sions of cells [21]. This arises from the build-up of 
catabolic end-products, e.g. lactic acid. However, 
upon perfusion in our system this process was 
reversible, which emphasizes that acidification and 
loss of ATP do not in themselves connote cell 
death as defined in clonogenic cell-culture growth 
systems. No comparable decrease in intracellular 
pH was observed when the cells in gel threads 
were perfused with isotonic buffered saline (Fig. 
4A), indicating no build-up of catabolites as long 
as the cells are continuously perfused. Perfusion 
with glucose-depleted medium showed no changes 
in the ? P-NMR spectrum of the cells, indicating 
that the amino acids in the medium were a suffi- 
cient source of energy metabolism. When 2-de- 
oxyglucose was substituted for glucose in the 


medium, the increase in peaks corresponding to 
2-deoxyglucose 6-phosphate AMP and P, were 
similar to the responses observed previously for 
yeast under the same conditions [15]. 

Dinitrophenol is an uncoupler of oxidative 
phosphorylation and stimulates the mitochondrial 
uptake of oxygen and protons [18] Thus, the 
observation of two distinct P, peaks upon perfu- 
sion with dinitrophenol (Fig. 5) can be explained 
by the acidification of the intramitochondrial com- 
partment, consistent with previous observations on 
rat liver cells [19]. This process also activates 
mitochondrial ATPases and results in a loss of 
АТР, as observed. By contrast, DCCD inhibits 
membrane-bound ATPases, but has no effect on 
proton transport. Correspondingly, no change in 
ATP levels and intracellular pH was seen [22]. 
Perfusion with cyanide, which blocks respiration, 
had no effect alone [23], but DCCD combined 
with cyanide blocks substrate phosphorylation, and 
total ATP quickly fell to zero. All of these results 
indicate that rapid diffusion of small molecules 
occurs into the cells within the threads, and that 
the system can therefore be applied to other stud- 
ies of metabolism. Currently, we are investigating 
the response of fibroblasts to heat, and the meta- 
bolic characteristics of several cancer-cell lines 
grown in culture. 

Several other perfusion systems to study cell 
metabolism by NMR have been described. Beads 
[11] and hollow fibers [12] have been used as 
supports on which cells are grown and then placed 
in the NMR spectrometer. In such systems, the 
cells form densely packed layers, which results in 
greatly reduced rates of diffusion and the forma- 
tion of gradients. The use of a commercial multi- 
ple hollow-fiber system [12] or a chamber in which 
cells may be stirred in suspension [10] requires the 
construction of a special probe and the use of a 
wide-bore magnet. An apparatus has also been 
described in which cells are perfused in suspen- 
sion, using an insert with hollow fibers within a 
sealed standard bore NMR tube [13]. In order to 
obtain flow in this apparatus, there is a build-up 
of back-pressure, which could affect the cells. Both 
perfusion and diffusion are much slower in such a 
system than in in our perfusion apparatus, where 
there is no appreciable back-pressure. Compared 
to these other methods our approach is applicable 


to any cells grown in culture, including surface-in- 
dependent cultures, allows rapid diffusion of any 
metabolite, drug or hormone into the whole homo- 
geneous cell sample, and enables long-term moni- 
toring of metabolism under controlled conditions 
in any NMR spectrometer. 

An alternative approach to the study of human 
cancer cells has been to inject them into mice and 
monitor the growth of tumor with ?! P-NMR using 
surface coils [24]. While this approach is useful for 
the study of solid tumors, it does suffer from 
several disadvantages. In order to obtain sufficient 
31P.NMR signal, the surface coil has to be of a 
certain minimal radius (approx. 2 cm) and this 
requires a superficial tumor with a minimum size 
(approx. 500 mg). In this method, one relies on the 
mouse-to vasculate the human tumor cells, in 
order to supply oxygen and nutrients and remove 
catabolites. But, such vasculation is generally pe- 
ripheral, and, unlike homogenous in vitro perfu- 
sion, leads to oxygen and nutrient gradients. In 
tumors of such size, there are interior cores of 
necrotic tissue, and it was found that the P, peak 
increases with tumor size. Contributions of necrotic 
areas to the P, signal represent an additional factor 
that must be taken into account when interpreting 
therapeutic responses by this approach [25]. 

The cell-perfusion system we have described is 
equally applicable to studies of cell metabolism by 
1H- апа C-NMR methods [26,27], as well as 
31 P-NMR, with due allowance made for such dif- 
ferences as water suppression in ! H-NMR. This 
perfusion method also has other potential research 
and biomedical applications. Two methods of 
trapping cells in gel in order to isolate cellular 
products have been described. In one case the cells 
were trapped inside agarose micro-beads made by 
stirring cells and agarose in an oil suspension [28], 
and in another method the cells were individually 
micro-encapsulated [29]. From a technical and 
quantitative point of view our gel-thread technique 
would seem to have certain advantages over these 
methods. ij 


Acknowledgement 


We thank Lance Liotta for carrying out the fixing 
and sectioning (Fig. 1C). 


283 


References 


1 Shulman, R.G., Brown, T.R., Ugurbil, K., Ogawa, S., Cohen, 
S.M. and Den Hollander, J.A. (1979) Science 205, 160—166 
2 Gadian, D.G. (1982) Nuclear Magnetic Resonance and its 
Application to Living Systems, Clarendon Press, Oxford 
3 Cohen, J.S., Knop, R.H., Navon, С. and Foxall, D.L. 
(1983) іл NMR in Biology and Medicine in Life Chemistry 
Reports, Vol. 1 (Bannister, J.V. and Michelson, A.M., eds), 
pp. 281—457, Harwood Academic Press, London 
4 Navon, G, Navon, R., Shulman, R.G. and Yamane, T. 
(1978) Proc. Natl. Acad. Sci, U S.A. 75, 891-895 
5 Ogawa, S., Shulman, R.G., Glynn, P., Yamane, T and 
Navon, С. (1978) Biochim Biophys. Acta 502, 45-50 
Jacobus, W.E., Taylor, G.J., Hollis, ОР. and Nunnally, 
В.Г. (1977) Nature 265, 756-758 
7 Garlick, Р.В., Radda, G.K., Seeley, Р.Г. and Chance, B. 
(1977) Biochem. Biophys. Res. Commun. 74 1256-1262 
Iles, В A., Griffiths, ЈЕ , Stevens, A.N., Gadian, Р.С. and 
Porteous, R. (1980) Biochem J. 192, 191—202 
9 Radda, G.K., Ackermann, J.J.H., Bone, P.J., Sehr, P.A., 
Wong, G.G., Ross, B.D., Green, У.1, Bartlett, S. and Lowry, 
H. (1980) Int. J. Biochem. 12, 277—282 
10 Balaban, R.S., Gadian, D.G., Radda, G K. and Wong, G.G. 
(1981) Anal. Biochem. 116, 450—455 
11 Ugurbil, К., Guernsey, D.L., Brown, T.R, Glynn, Р., 
Tobkes, М. and Edelman, I.S. (1981) Proc Natl. Acad. Sci. 
U.S.A. 78, 4843-4847 
12 Gonzalez-Mendez, R., Wemmer, D., Hahn, G., Wade- 
Jardetzky, N. and Jardetzky, O. (1982) Biochim. Biophys. 
Acta 720, 274—280 
13 Karczmar, G.S., Koretsky, A.P., Bissell, M.J., Klem, M. and 
Weiner, M.W. (1983) J. Magn. Res. 53, 123-128 
14 Jacobson, L. and Cohen, J.S. (1981) Biosci. Rep. 1, 141-150 
15 Foxall, D.L. and Cohen, J.S. (1983) J. Magn. Res. 52, 
346—349 
16 Jacobson, L. and Cohen, J.S. (1982) in Noninvasive Probes 
of Tissue Metabolism (Cohen, J.S., ed.), pp. 5-24, Wiley, 
New York 
17 Foxall, D.L., Cohen, J.S. and Mitchell, J.B. (1984) Exp. Cell 
Res., in the press 
18 Stryer, L. (1981) Biochemistry, 2nd Edn., pp. 307-331, 
W.H. Freeman, San Francisco 
19 Cohen, S.M., Орама, S., Rottenberg, Н, Glynn, P., Ya- 
mane, T., Brown, T.R., Shulman, R.G. and Williamson, J.R. 
(1978) Nature 273, 554—556 
20 Busby, J.W., Gadian, D.G., Radda, G.K., Richards, В.Е. 
and Seeley, P.J (1978) Biochem. J. 170, 103-114 
21 Navon, G., Shulman, R.G., Yamane, T., Eccleshall, T.R., 
Lam, К.В., Baronofsky, J.J. and Marmur, J. (1979) Віо- 
chemistry 18, 4487—4499 
22 Navon, G., Ogawa, S., Shulman, R.G. and Yamane, T. 
(1977) Proc. Natl. Acad. Sci. U.S.A. 74, 888—891 
23 Dubyak, G.R. and Scarpa, A. (1983) Biochemistry 22, 
3531-3536 
24 Ng, Т.С., Evanochko, W.T , Hiramoto, R.N., Ghanta, У.К., 
Lilly, M.B., Lawson, A.J., Corbett, T.H., Durant, J.R. and 
Ghckson, J.D. (1982) J Magn. Res 49, 271-286 


p 05706 


= 


oo 


284 


25 Evanochko, W.T., Ng, Т.С., Lilly, М.В, Lawson, AJ., 
Corbett, T H., Durant, J.R. and Glickson, J.D. (1983) Proc 
Natl. Acad. Sci. U.S.A. 80, 334—338 

26 Agris, Р.Е. and Campbell І.О. (1982) Science 216, 
1325-1327 

27 Foxall, D.L., Cohen, J.S. and Tschudin, R.G. (1983) J. 
Magn. Res. 51, 330—334 


28 Nilsson, K., Scheirer, W., Merten, O.W., Ostberg, І., Liehl, 
E., Katinger, H.W.D. and Mosbach, K. (1983) Nature 302, 
629—630 

29 Lim, Е. and Sun, А.М. (1980) Science 210, 908—910 


Biochimica et Biophysica Acta, 804 (1984) 285-290 
Elsevier ' 


BBA 11294 


285 


TRANSFORMATION-ASSOCIATED CHANGES IN NUCLEAR-CODED MITOCHONDRIAL 
PROTEINS IN 3T3 CELLS AND SV40-TRANSFORMED 3T3 CELLS 


STEVEN H. ZUCKERMAN *, STIG LINDER ** and JEROME M. EISENSTADT dci 
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Comparative two-dimensional gel electrophoretic studies were performed on mitochondrial proteins in 
nontransformed mouse 3T3 cells and in SV40-transformed 3T3 cells, SV-T2. Two polypeptides, of 58 and 40 
kDa, were present in increased amounts in SV40-transformed cells. These polypeptides were demonstrated to 
be nuclear-coded mitochondrial proteins by their absence in mitochondrial preparations, when labeling was 
performed in the presence of a mitochondrial-specific inhibitor, Rhodamine 6G. Temperature-sensitive 
mutants for transformation were derived from 313 cells by transfection with cloned SV40 DNA containing 
the ts A58 mutation. Increased amounts of the 58 kDa protein were apparent in these cells at the permissive 
temperature (33? C) compared to the restrictive temperature (39.5? C). 


Introduction 


Warburg's hypothesis that cancer cells have an 
elevated rate of glycolysis due to an impaired 
respiratory capacity [1] and the finding that 
mitochondria are the principal site for oxidative 
phosphorylation and ATP generation in animal 
cells [2] resulted in extensive investigations of 
mitochondria from neoplastic cells. Differences in 
mitochondrial structure and numbers, as well as in 
mitochondrial enzyme content, membrane lipids, 
transport mechanisms and substrate specificities, 
have been reported [3,4] However, these dif- 
ferences are variable depending on the tumor 
source, mitochondrial isolation procedures and the 
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in vivo and in vitro growth properties of the 
tumors. Accordingly, it has been difficult to define 
which changes are associated with neoplastic 
transformation. In a different approach, sarcoma- 
virus-transformed mink fibroblasts were reported 
to have a decreased mitochondrial membrane 
potential compared to control, nontransformed 
mink fibroblasts [5]. These differences in mem- 
brane potential were based on the decreased up- 
take and retention of the mitochondrial-specific 
cationic dye Rhodamine 123 and were reversible 
following addition of the ionophore nigericin. Fur- 
ther studies on the retention of Rhodamine 123 in 
various tumors indicated that many transitional 
cell carcinomas, adenocarcinomas and chemically 
transformed epithelial cell lines retained Rhoda- 
mine 123 for extended periods, while oat cell 
carcinomas did not [6]. These results demonstrate 
that neoplastic transformation is associated with 
discrete mitochondrial changes. 

In the present study, we have performed com- 
parative studies on nuclear-coded mitochondrial 
proteins in nontransformed 3T3 cells and in 
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SV40-transformed 3T3 cells by two-dimensional 
gel electrophoresis. Increased quantities of two 
nuclear-coded mitochondrial proteins, of 58 and 
40 kDa, were detected in SV40-transformed 3T3 
cells. Increased synthesis of the 58 kDa protein 
was also detected in 3T3 cells transformed with 
the SV40 ts А58 mutant. 


Materials and Methods 


Cell culture 

Balb/c 3T3 cells clone A31 and SV40-trans- 
formed 3T3 cells, SV-T2, were obtained from the 
American Type Culture Collection. These cell lines 
were maintained at low density in Dulbecco's 
modified Eagle's media supplemented with 5% calf 
sera [7]  Temperature-sensitive transformation 
mutants of 3T3 were obtained using the ts А58 
SV40 mutant inserted in pBR322 (provided bv Dr. 


Charles Cole, Dartmouth College, Hanover. NH). 
The temperature-sensitive mutation has been 
mapped within the large T antigen (8]. Calcium 
phosphate coprecipitates of ts A58 and carrier 
DNA were incubated with 3T3 cells [9]. Following 
incubation, cells were seeded in soft agar and 
incubated at 33? С. Four soft agar clones (3.4, 4.4, 
5.1 and 6.1) were isolated, which grew in soft agar 
at 33°C, but not at 39.5 °С. 


Mitochondria preparation and gel electrophoresis 

2. 10° cells were seeded in 25 ст? flasks (Falcon) 
and labeled for 90 min (short pulse) or 18 h (long 
pulse) with 200 and 40 uCi/ml, respectively, of 
[ S]methionine (Amersham International) in 
methionine-free media (GIBCO, Grand Island, 
МУ). In parallel cultures, Rhodamine 6G (Kodak) 
was present at 2 ug/ml during the overnight label- 
ing [10]. Following labeling, cultures were washed 





Fig. 1. R6G-sensitivity of nuclear-coded mitochondrial proteins in. SV-T2. SV-T2 was labeled for 18 h with 40 pCi/ml of 
[S]methionine in the absence (a) or presence (b) of 2 pg/ml R6G. Mitochondria were then isolated, and nuclear-coded 
mitochondrial polypeptides were resolved by two-dimensional gel electrophoresis. Approx. 30 polypeptides were absent or signifi- 


cantly reduced, including the predominant polypeptides 1, 2 


and 3. The position of these polypeptides in R6G-treated SV-T2 is 


indicated by circles. Two R6G-sensitive polypeptides (arrows) are present in greater quantities in SV-T2 relative to non-transformed 
3T3 cells (see Fig. 2). The contaminating cytoskeletal proteins actin (Ac) tubulin (T) and vimentin (vt) are not sensitive to R6G. A pH 
gradient between 4.0 and 6.5 was generated in the isoelectric-focusing gels. The basic region of the isoelectric-focusing gel is to the left. 


Molecular weights are indicated in thousands. 


and mitochondria were prepared using the proce- 
dure of Bogenhagen and Clayton [11]. Unlabeled 
mitochondria were added as сагпег prior to 
centrifugation in a 1.0-1.5 M sucrose step gradi- 
ent. The mitochondria were washed and lysed in 
O'Farrell lysis buffer [12]. Mitochondrial lysates 
were electrophoresed on two-dimensional gels with 
isoelectric focusing in the first and SDS-10.5% 
polyacrylamide gels in the second dimension [12]. 
The isolation of an inner mitochondrial mem- 
brane-enriched preparation was performed by dig- 
itonin solubilization of the outer membrane and 
Lubrol WX fractionation of the inner membrane 
and matrix [13]. In additional experiments, 
mitochondria were lysed with 0.5% NP-40 and 
incubated for 30 min at 37? C with 10 U of bovine 
alkaline phosphatase (Sigma, St. Louis, MO) at 
pH 8.5 in the presence of 2 mM phenylmethyl- 
sulfonyl fluoride. Alkaline phosphatase-treated 
lysates were then subjected to two-dimensional gel 
electrophoresis. All gels were dried and exposed to 
Kodak X-Omat film. 


Results 


Mitochondria prepared from [?S]methionine- 
labeled 3T3 cells and 3T3 cells transformed with 
SV40 were lysed and resolved using two-dimen- 
sional gel electrophoresis. Preliminary experiments 
indicated that polypeptides comigrating with cyto- 
skeletal components were abundant in sucrose 
gradient purified mitochondrial preparations. It 
was thus necessary to distinguish between mito- 
chondrial specific polypeptides and contaminating 
cytoplasmic polypeptides. This was achieved by 
labeling parallel cultures in the presence or ab- 
sence of 2 pg/ml of R6G, a mitochondrial-specific 
dye which inhibits oxidative phosphorylation [10]. 
R6G-treated cells are unable to transport nuclear- 
cold mitochondrial proteins into and across the 
inner mitochondrial membrane. Therefore, only 
polypeptides that were sensitive to R6G were con- 
sidered for analysis. Fig. 1 shows the polypeptide 
patterns of SV-T2 cells labeled in the absence (Fig. 
la) or presence (Fig. 1b) of R6G. Approx. 30 
polypeptides were absent or significantly di- 
minished in mitochondrial preparations from 
R6G-treated cells. These polypeptides represent 
nuclear-coded mitochondrial proteins and differ in 
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their relative abundance, molecular weights and 
isoelectric points. A number of polypeptides are 
common to both preparations, notably actin, 
tubulins and vimentin. The identity of these poly- 
peptides were confirmed by tryptic peptide analy- 
sis (not shown). The predominant R6G-sensitive 
polypeptides 1-3 correspond to the Мисоп 1-3 
polypeptides described by Anderson [14]. 

3T3 and SV-T2 mitochondrial polypeptides were 
then analyzed by two-dimensional gel electro- 
phoresis in cells labeled for 90 min with 
[S]methionine (Fig. 2). Two R6G-sensitive poly- 
peptides, of 58 and 40 kDa, were present in ap- 
prox. 6- and 3-fold greater quantities respectively 
in SV-T2 (Fig. 2b) compared to 373 cells (Fig. За), 
The 40 kDa polypeptide remained associated with 
the inner membrane during mitochondrial frac- 
tionation with digitonin and Lubrol WX (Fig. 2c). 
The 58 kDa polypeptide could not be unequivo- 
cally assigned to matrix or membrane fractions. 
Protein 1 (Mitcon 1) was enriched in the inner 
membrane fraction and was found to react with an 
anti-F, ATPase serum in immunoblot experiments 
[20]. Mitcon 1 was identified as the B-subunit of 
the F, ATPase complex, based on its molecular 
weight and isoelectric point [15.16]. Proteins 2 and 
3 were enriched in the matrix fraction. Incubation 
of detergent solubilized mitochondria with alkaline 
phosphatase resulted in the altered electrophoretic 
mobility of several polypeptides, presumably due 
to phosphate removal (Fig. 2d and e). This proce- 
dure did not alter the mobility of the 40 kDa 
polypeptide, suggesting that this transformation- 
related polypeptide is not phosphorylated. The 58 
kDa polypeptide appeared to be more labile and 
could not be detected after incubating mito- 
chondrial lysates at 37? C, with or without phos- 
phatase. In further experiments, neither the 40 nor 
the 58 kDa protein were labeled with [ ?PJortho- 
phosphate. 

In a different series of experiments, four SV40 
ts AS8-transformed clones of 3T3 were isolated 
which were capable of growth in soft agar at the 
permissive temperature of both 33°C and 39.5? С. 
One of these lines, ts 6.1, was labeled with 
[?S]methionine for 18 h at 33°C, but not at 
39.5? C. Two-dimensional gel analysis (Fig. 3) in- 
dicated that at 33°C (Fig. 3b) the ts 6.1 line had 
5—-6-fold greater amounts of the 58 kDa protein 
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rig. 2. transtormation-related changes in nuclear-coded mitochondrial polypeptides. 3T3 cells (а) or the SV40-transformed SV-T2 (b) 
were labeled for 90 min with 200 pCi/ml of ( S]methionine. Mitochondria were then isolated and nuclear-coded mitochondrial 
polypeptides were resolved by two-dimensional gel electrophoresis. Two R6G-sensitive polypeptides (arrows) of 58 and 40 kDa. were 
present in greater quantities in SV-T2 compared to 3T3 cel s. (c) The 40 kDa polypeptide, actin, and polypeptide 1 fractionate with an 
inner mitochondrial membrane preparation, while polypeptides 2 and 3 are lost and represent matrix proteins. [°°S]Methionine-labeled 
mitochondrial lysates were incubated in the absence (d) or presence (e) of bovine alkaline phosphatase. The 40 kDa polypeptide 
(arrow) is not altered by alkaline phosphatase treatment, while the mobility of two other polypeptides (open arrowheads) was altered. 





Fig. 3. Temperaturc-dependent changes in the 58 kDa protein 
in the ts 6.1 cell line. 3T3 cells were transformed with the ts 
A58 mutant of SV40, and the 6.1 cell line was isolated. The 6.1 
line was labeled with 40 x Ci /ml of [**S}methionine for 18 В at 
the restrictive temperature of 39.5? C (a) or permissive temper- 
ature of 339 € (b) for transformation. Note increased amounts 
of the 58 kDa protein at the permissive temperature (b). 


compared to the same line at 39.5°С (Fig. За). 
Similar results were observed with the three other 
temperature-sersitive transformed lines. None of 
these lines revealec any significant differences in 
the expression of the 40 kDa protein at the two 
temperatures. 


Discussion 


The present experiments suggest that transfor- 
mation of 3T3 cells with 5У40 results in quantita- 
tive changes in nuclear-coded mitochondrial pro- 
teins. This was evident in both SV-T2 and in the ts 
AS8-transformed mutants at the permissive tem- 
perature for transformation. Two proteins, of 58 
and 40 kDa, were found in increased quantities in 
the SV-T2 cells. These proteins were identified as 
nuclear-coded mitochondrial proteins by their 
sensitivity to R6G. Increased synthesis of the 58 
kDa protein, but not the 40 kDa protein, was also 
detected in the :emoerature-sensitive 3T3 transfor- 
mants. Whether this reflects the variability inher- 
ent in different transformed lines is not known. 

In additional s:udies, 3T3 and SV-T2 were 
labeled with ["P]orthophosphate, and the 
mitochondrial polypeptides were resolved on two- 
dimensional gels. A similar pattern of phos- 
phoproteins was observed on two-dimensional gels 
of 3T3 and SV-T2 cells (data not shown). None of 
the approx. 50 phosphoproteins that we resolved 
were R6G-sensitive. This observation could be ex- 
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plained by the phosphorylation of proteins already 
inside the mitochondria. We were therefore unable 
to distinguish between nuclear-coded mitochon- 
drial phosphoproteins and cytoplasmic phos- 
phoprotein contaminants. 

Biochemical and structural differences have 
been reported in mitochondria from tumor vs. 
control cells [1-4]. However, although two-dimen- 
sional gel electrophoretic patterns have been re- 
ported for mitochondria preparations |14,16-18), 
we are unaware of any comparative two-dimen- 
sional gel studies of mitochondrial proteins be- 
tween closely related normal and transformed cells. 
This may in part be related to the problem of 
cytoplasmic contamination of mitochondrial pre- 
parations. The use of the mitochondrial inhibitor 
rhodamine 6G enabled us to identify nuclear-coded 
mitochondrial-specific proteins on our two-dimen- 
sional gels. The potassium ionophore nonactin has 
been used in a similar approach to identify 
nuclear-coded mitochondrial proteins in whole-cell 
lysates [14]. A nuclear-coded mitochondrial pro- 
tein (Mitcon 5) was lost in human lymphocytes, 
following treatment with phorbol ester tumor pro- 
moters. Furthermore, this transformation-sensitive 
protein was not detected in lymphoblastoid cell 
lines. 

Further studies are required to identify other 
transformation-related changes in nuclear-coded 
mitochondrial proteins. Recently, Gay and Walker 
[19] have reported that a portion of р21, the 
product of the bladder carcinoma oncogene, ex- 
hibits significant sequence homology to the 
nucleotide-binding region of the В-зиБипи of the 
nuclear-coded mitochondrial ATP synthase. 
Clearly, it is necessary to define how transforma- 
tion-related changes in nuclear-coded mitochon- 
drial proteins affect the function and regulation of 
the mitochondrial genome. 
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Net K* fluxes in isolated hamster brown fat cells were studied by the use of ће К? analogue *Rb*. In 
isolated cells, cald-stored overnight to diminish К + gradients, an equilibrium У Rb* (К +) clearance value of 
27 pl / million cells was obtained after 30 min incubation at 37°C. This corresponds to a 10-fold K* gradient 
over the plasma membrane, and a K* potential of about — 60 mV. The attainment of this equilibrium was 
dependent upon the presence of Ма” in the extracellular medium, and the uptake was fully inhibited by the 
(Na* + K *)-ATPase inhibitor ouabain. Ouabain had, however, no significant acute effect on the maximal 
rate of thermogenesis achieved after norepinephrine stimulation of the cells, but if the restoration of ionic 
equilibrium was inhibited by ouabain in prolonged incubations, a decreased thermogenesis was observed. This 
was probably due tc the low cytosolic K * content then encountered, and the resulting inhibition of lipolysis. 
The addition of norepinephrine to cells in which ® Rb* (К +) equilibrium had been attained resulted in a rapid 
efflux of 95Rb* and the establishment of a new equilibrium value, at about 65% of the unstimulated value. 
This corresponds fo a decrease in К+ potential of about 15 mV. The effect of norepinephrine was 
stereospecific and reversible, and had an ЕС. value of about 10 nM. As catecholamine effects were much 
more sensitive to phentolamine than to propranolol, the adrenergically-induced efflux was classified as 
predominantly a-adrenergic. It is suggested that the norepinephrine-induced К * efflux is due to a (probably 
Са?* -mediated) opening of К * channels іп the cell membrane, and that this effect occurs secondarily to the 
a-adrenergically induced membrane depolarization (and increase in cytosolic Ca?*). The increased Py over 
the cell membrane would counteract further depolarization, and the К? gradient would then approach the 
Nernst equilibrium under the new steady-state conditions. 


Introduction 


The mechanism behind and the significance of 
hormone-induced membrane depolarization in 
nonexcitable tissues is not presently known. 

In brown adipose tissue, norepinephrine stimu- 
lation leads to а membrane depolarization [1—3]. 
The relationship between this depolarization and 
the main physiological function of the tissue, non- 
shivering thermogenesis, is presently discussed (for 
review see Ref. 4). 

By the use of the К? analogue 5Rb*, we have 
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here followed the K* potentials and fluxes in 
isolated brown fat cells, both in the unstimulated 
state, and when the cells were adrenergically 
stimulated. 

We found that whereas the maintenance of 
ionic gradients was beneficial, it was not essential 
for thermogenesis. The (Na* + К *)-ATPase activ- 
ity was not acutely of thermogenic significance, 
but chronic inhibition of the pump could lead to 
diminished thermogenesis, due to unrestored ionic 
gradients (ie. low cytosolic К” content) a- 
Adrenergic stimulation led to an efflux of K* 
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from the cells. This efflux probably represents the 
approach of the K* gradient towards the new 
Nernst equilibrium of the depolarized state in- 
duced by norepinephrine. 

Some of these results have previously been pub- 
lished in preliminary form [5-7]. 


Materials and Methods 


Isolation of brown fat cells. Brown fat cells were 
prepared from adult golden hamsters ( Mesocrice- 
tus auratus), mainly females, weighing about 100 
8. The animals were kept at room temperature, 
22?C, with food (a sunflower-seed-based mixture) 
and water ad libitum. 

The brown fat (interscapular, cervical, axillary 
and periaortic depots) from 2-4 animals was used 
for each cell preparation. The cells were isolated 
by collagenase digestion [3,8,9], then washed three 
times and stored overnight at 4°С. The following 
day the pooled cells were washed, filtered again to 
remove aggregates, and kept on ice. 

The cells were counted in a Bürker chamber, 
and the viability was determined by vital staining 
with Alcian blue. Only intact cells were counted. 
The final stock concentration was about 2 million 
cells/ ml. 

Measurement of КБ“ uptake. Cellular К? 
fluxes were followed by the use of the К* ana- 
logue 5Rb* which, compared to К”, has the 
advantage of a longer half-life (19 days vs. 12 h). 
Use of 5Rb* as a К? analogue is а well-docu- 
mented technique, and there is no reason to as- 
sume a significant difference between the behavior 
of Rb* and K* [10-13]. 

All incubations were performed in a Krebs- 
Ringer bicarbonate buffer (see below). 

To this buffer, °°Rb* was added to about 2 
КВа/ п (40 nCi/ml) This corresponds to ап 
addition of about 1 им Rb* (cf. the buffer Kt 
concentration of 6.0 mM). ['^C]Methoxyinulin was 
used as an extracellular marker (2 kBq/ml). 

Routinely, the uptake of "5Rb* was started by 
addition of 300000 cells (stored at 4°C overnight) 
to 3 ml labeled buffer (37°C) in plastic test-tubes 
at time zero. To recollect the cells, two methods 
were used. In the filtration technique (which is 
similar to the filtration technique used by Svoboda 
et al. [14] for receptor studies in these cells), the 


incubates were filtered through Whatman GF/C 
glass-fiber filters (mounted in a Millipore sampling 
manifold) at 140 mmHg. The total filtration time 
was less than 10 s. The filters were then washed 
with 3 ml ice-cold unlabeled Krebs-Ringer bi- 
carbonate buffer (0.1% albumin). Thereafter, the 
filters were immediately transferred to scintillation 
vials and dried. 5 ml scintillation fluid (toluene/ 
Triton X-100 (2:1), 17% H,O (v/v), 0.5% (w/v) 
2,5-diphenyloxazole (PPO)) was added, and the 
samples were counted in an Intertechnique scintil- - 
lation spectrometer. In the oil floatation technique 
(based on the method of Gliemann et al. [15]), the 
incubated cells were poured onto 600 ul of a 
phthalate oil mixture (dibutylphthalate (density 
1.046)/bis(2-ethylhexyl)phthalate (density 0.985), 
3:5, v/v) and centrifuged for 50 s at 1300 X g on 
a Hettich bench centrifuge. After centrifugation, 
the cells were collected with a 200 ul automatic 
pipette from the surface of the oil, which now 
overlayed the buffer. The pipette tip, containing 
the cells in oil, was placed in a scintillation. vial, 
and the radioactivity was measured as above. 

Quantitatively and qualitatively, the two tech- 
niques gave near to identical results. As, however, 
the amount of residual buffer trapped on the filter 
was about 10 ul, whereas the amount passing with 
the cells through the oil was only 2 pl, the back- 
ground was much smaller with the oil floatation 
technique, and this technique is now used routinely. 

For each experimental series, buffer Rb and 
14C activities and *6Rb spill-over ratio were mea- 
sured in triplicate samples. 

The apparent 55Rb* uptake into the cells was 
defined as the excess 5Rb* recovered above 6Rb + 
originating from the residual buffer. This uptake 
was expressed as a clearance, i.e., as the number of 
pl buffer/ million cells to which it corresponded. 

The active uptake at a given time was defined 
as the apparent uptake at that time minus the 
apparent uptake at time zero at 37?C in the pres- 
ence of 1 mM ouabain (see Results). Each experi- 
mental point was determined at least in duplicate. 

О, consumption. In order to monitor hormonal 
sensitivity of the cells, cell respiration was mea- 
sured in all preparations with a Yellow Springs 
Instrument 4004 Clark oxygen electrode mounted 
in a closed chamber containing 10? cells in 1.4 ml 
Krebs-Ringer bicarbonate buffer at 37°С, Only 


сей preparations where 1 uM norepinephrine 
stimulated the respiration about 10-times over the 
basal rate, were used for the Rb* experiments. 

In experiments where thermogenesis and ion 
flux were studied in parallel, the cells were in- 
cubated as described above (Rb * uptake), and the 
incubate was then added directly to the oxygen 
electrode chamber. 

Respiration was calculated in nmol O/ min per 
106 cells, based оп an oxygen content of 434 nmol 
O/ml Н,О at 37°С. 

Buffers. Krebs-Ringer phosphate buffer (used 
only for cell preparation) contained (in mM) 148 
Nat /6.9 К? /1.5 Са?* /1.4 Mg?* /117 С /1.4 
8027 /22 phosphate/10 glucose/10 fructose/ 4*6 
crude bovine serum albumin (pH 7.4). 

Krebs-Ringer bicarbonate buffer (used for Rb* 
uptake experiments and respiratory studies) con- 
tained (in mM) 145 Na*/6.0 K*/2.5 Са?%/12 
Mg?* /130 Cl” /1.2 8027 /1.2 phosphate/25 bi- 
carbonate/ 10 glucose/ 10 fructose/ 4% fatty- 
acid-free bovine serum albumin (pH 7.4). 

Chemicals. **RbCI was from Amersham Inter- 
national and [!^C]methoxyinulin from New Eng- 
land Nuclear. Pentex bovine serum albumin (crude 
and fatty-acid free) was from Miles Laboratories. 
Crude collagenase, ouabain octahydrate, L- 
norepinephrine bitartrate, L-isoprenaline bitartrate 
and r-phenylephrine-HCl were all from Sigma 
Chemicals. L-Propranolol HCl was from ІСІ, 
phentolamine methansulfonate from Ciba-Geigy, 
and D-norepinephrine bitartrate was a gift from 
Pharmacia. 


Results 


The chemical basis for changes in membrane 
potential is the membrane permeability to certain 
ions (especially Na* and K*) and the gradients of 
these ions over the plasma membrane. We have 
here followed one of these parameters, the К? 
gradient, by the use of the К? analogue "5Rb*; 
intracellular K* accumulation has been expressed 
as a clearance value for K*(Rb*). 


$6 Rb * (K +) uptake in brown adipocytes 
We initially studied the characteristics of the 
8°Rb* uptake process in isolated brown fat cells. 
As shown in Fig. 1, the cells exhibited a high 
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Fig. 1. Active uptake of K*(®Rb* ). Samples of 300000 cells 
were incubated at 37°C (X), at 37°C with 1 mM ouabain (О), 
and at 4°C (no additions) (@). The incubated cells were filtered, 
and the cellular ЕБУ content was determined at different 
times between 0 and 40 min. The ®Rb* distribution is ex- 
pressed as the Ер“ clearance in р1/пыШоп cells. The ap- 
parent uptake at ішпе zero at 37?C in the presence of 1 mM 
ouabain was set to zero and subtracted from all other values. 
Values are means + S.E. from at least ten determinations on at 
least ten different cell preparations. 


initial rate of °°Rb* uptake during the first 10 
min, and an equilibrium level was reached at 30 
min. The maximal uptake under control condi- 
tions, expressed as microliters clearance, was 27 + 1 
#1/ million cells (mean value + S.E., n = 58). This 
is equivalent to an uptake of 160 nmol К? / million 
cells. 

Prior to the experiments, the cells had been 
stored overnight at 4°C. This treatment probably 
resulted in a decreased K* gradient over the 
plasma membrane, due to a reduced (Na* + K*)- 
ATPase activity. The Rb* uptake could therefore 
be considered to be composed of two components: 
a net influx of Rb*(K*), due to the active restora- 
tion of the lowered ion gradients over the cell 
membrane, and a successive exchange of remain- 
ing internal К? for *5Rb*, corresponding to the 
inherent K * leakage of the membrane. The plateau 
after 30 min would thus represent a steady state 
between the inherent passive K*(Rb*) leakage 
and the ATPase-dependent uptake at isotopic 
equilibrium. 

'To establish the activity of the exchange path- 
way, cells were preincubated at 37°C, and %ВЬ+ 
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was subsequently added. Under these conditions, 
the initial rate of Rb uptake was much lower 
than that seen in Fig. 1 (data not shown). Thus, 
the main process for the uptake must be consid- 
ered to be the active restoration of the ion gradi- 
ents. 

In extended incubation periods, 40—90 min, the 
equilibrium level tended to decline after 40—50 
min (not shown). The major reason seems to be 
that the cells aggregated, became more ‘leaky’, and 
lost their viability. Measurements of О, consump- 
tion showed a parallel loss of norepinephrine re- 
sponse. 

As shown in Fig. 1, the presence of the (Na* + 
К *)-ATPase inhibitor ouabain, or incubation at 
0°C, completely inhibited the 55Rb* uptake, indi- 
cating an active ATPase-dependent uptake mecha- 
nism. The value at time zero at 37?C in the 
presence of ouabain was chosen as zero level for 
the active uptake (Fig. 1). 

When cells were incubated in a modified 
Krebs-Ringer bicarbonate buffer containing only 
25 mM Na* (and 120 mM choline*), the final 
55Rb* equilibrium was only about 6095 of that 
seen in the normal buffer (data not shown). 

Thus, it was concluded that the cells, cold-stored 
overnight, were markedly depleted in intracellular 
K*, but that within a 30 min incubation period 
they were able to restore their ionic equilibria to 
steady-state values by active transport processes. 


The relationship between 5Rb*(K *) uptake and 
the capacity for norepinephrine-induced thermogene- 
sis (oxygen consumption) 

In order to elucidate the significance of the К? 
status of the cells on their ability to carry out 
hormone-stimulated thermogenesis, we have de- 
termined the relationship between the cellular К“ 
content and the subsequent respiratory response to 
norepinephrine. 

This response was tested in oxygen electrode 
experiments parallel to the uptake experiments 
shown in Fig. 1. As seen in Table I, cold-stored 
cells, transferred to 37°С and incubated for 5 min 
to observe the basal rate of respiration, responded 
well to norepinephrine. When ouabain was present 
during the 5 min incubation, no statistically sig- 
nificant effect was observed on the norepinephrine 


TABLEI 


EFFECT OF OUABAIN ON THE NOREPINEPHRINE-IN- 
DUCED RATE OF THERMOGENESIS (RESPIRATION) 


Cells were incubated and tested in the oxygen electrode. 1 mM 
ouabain was added at time zero or at 30 min, and 1 им 
norepinephrine at 5 or 35 min The increase іп oxygen соп- 
sumption caused by 1 иМ norepinephrine (NE) added after 5 
пип basal respiration. was set to 100% іп each preparation 
(mean value 505 nmol O/min рег milhon cells). The results are 
the теапѕ + S E. from four determinations on two different cell 
preparations. " indicates a significant effect of ouabain (Р < 
0.01; Student's r-test). 





NE-induced increase 
іп respiration (%) 








Time zero preincubation 


no additions 100+ 6 

+1 mM ouabain (0-5 min) 864 9 
30 min preincubation 

no additions 108111 ` 

+1 mM ouabain (30-35 min) 106 +14 

+1 mM ouabain (0-35 min) 63+ 3° 





response. However, the presence of ouabain dur- 
ing a 30 min pre-incubation period (which totally 
abolished КЪ? /K* uptake, cf. Fig. 1) resulted in 
a 40% reduced respiratory response to a maximal 
dose of norepinephrine. The enhancement of in- 
hibition seen during the extended ouabain incuba- 
tion probably indicates that the cells were initially 
not entirely K *-depleted, but lost further K* when 
exposed to the higher temperature in the presence 
of ouabain, and this was reflected in a loss of 
norepinephrine response. This loss was not due to 
a direct effect of ouabain on maximal thermogene- 
sis and thus not directly due to (Na* + K *)- 
ATPase inhibition, as addition of ouabain to cells 
which (according to Fig. 1) had already attained 
equilibrium, did not have any acute inhibitory 
effect (Table 1). Rather, the effect of ouabain on 
respiration was probably secondary to the unres- 
tored ion gradients and to the low cytosolic K * 
content. In agreement with this suggestion, it has 
earlier been observed that incubation of the cells 
in a low K* buffer (which would also result in a 
decreased cytosolic K* content) leads to inhibi- 
tion of lipolysis [16] and thus to lack of substrate 
for thermogenesis (respiration). 

It may therefore be concluded that restoration 
of the intracellular ion milieu and the ion gradi- 


ents were beneficial for thermogenesis, but that 
such restoration was not essential, and that the 
direct anti-thermogenic effect of inhibition of the 
(Na* + К *)-ATPase was small. 


Effect of norepinephrine on the 5Rb * (K 7) distribu- 
tion 

In order to investigate the effect of 
norepinephrine on the intracellular 5Rb*(K*) 
content, brown fat cells were incubated as in Fig. 1 
for 30 min to reach the equilibrium level of in- 
tracellular 5Rb*. Thereafter, 1 иМ norepineph- 
rine was added, and its effect was followed for 10 
min (Fig. 2). Already the first sample, about 30 s 
after norepinephrine addition, showed a very 
marked decrease in **Rb* level compared with the 
control. This lower level was sustained for at least 
10 min under these conditions, i.e., in the presence 
of ascorbate (which was added here in order to 
counteract oxidation of norepinephrine [17,18]). 
Unfortunately, the techniques used did not allow 
the initial time-course of this efflux to be followed 
in detail. 
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Fig. 2. Effect of norepinephrine on ће К+ (*$Rb* ) clearance. 
1 АМ norepinephrine (NE) was added at equilibrium (30 min) 
and the induced changes 1л the 5Rb + distribution followed for 
10 min Values are expressed as percentage of maximal clearance 
in each preparation. Points indicate mean+S.E. from 6-14 
determinations, performed on 3-7 different cell preparations, 
The norepinephrine was dissolved in 10 x1 of a 0.04% ascorbate 
solution. X, control; а, 1 рМ NE added. 
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Due to the possible release of stored endoge- 
nous norepinephrine by ascorbate [19], dose-re- 
sponse experiments were performed in the absence 
of ascorbate. 

The effect of norepinephrine was, as seen in 
Fig. 3 (curve ‘30.5 min"), dose dependent, with an 
apparent ЕС, of about 10 nM norepinephrine 
and a maximal effect at about 1 pM. 

However, under these conditions, i.e., the ab- 
sence of ascorbate, the norepinephrine response 
was fully reversed after 10 min (in contrast to the 
results presented in Fig. 2). 

As seen in Fig. 4, the effect of norepinephrine 
was stereospecific. Thus, 10—100-times more D- 
norepinephrine was needed in order to obtain the 
same effect as with the natural isomer. 


Investigation of the possible involvement of the 
(Na* + К *)-ATPase in the norepinephrine-induced 
Зору * (K +) efflux 

Theoretically, the decrease in intracellular 
356Rb* after norepinephrine addition could be due 
to either an inhibition of the (Na* + K *)-ATPase 
or to a direct or indirect increase in К+ permeabil- 
ity. In order to distinguish between these possibili- 
ties, cells were stimulated with norepinephrine in 
the presence and in the absence of a concentration 
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Fig. 3. Dose-response curve for the effect of norepinephrine 
(NE) on the Rb*(K*) distribution ın brown fat cells. 
Norepinephrine was added at 30 min. The curves indicate the 
levels at different times (in minutes) measured as demonstrated 
ın Fig. 2, but in the absence of ascorbate (cf., the discussion of 
ascorbate effects by Mohell et al. [19]). Points indicate the 
mean decrease (+ S.E., n = 2-6) in *5Rb* clearance, as com- 
pared to control levels. 
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Fig. 4. Stereospecificity of the effect of norepinephrine (NE) on 
the ЗВ. + distribution in brown fat cells. Experiments were 
performed as in Fig 2 (but in the absence of ascorbate) with 
indicated concentrations of D- or L-norepinephrine (A and a, 
respectively) The levels were measured 2 mm after 
norepinephrine addition (cf., 32.0 min in Fig 3) Points are the 
mean decrease below control levels from 8-10 determinations 
on four different cell preparations * and ** indicate P « 0.05 
and 0.01, respectively (analysis of variance on duplicate 
determinations in four preparations) 


of ouabain which fully inhibited the ATPase, cf. 
Fig. 1. As seen in Table II, the effects of ATPase 
inhibition and hormone stimulation were additive, 
indicating that the hormone effect was not due to 
(Na* + K ^)-ATPase inhibition. 

Further, as the uptake of Rb*(K*) is fully 
dependent on ATPase activity (cf. Fig. 1) we 
investigated whether the initial uptake rate was 


TABLE II 


EFFECT OF OUABAIN UPON CONTROL AND 
NOREPINEPHRINE-INDUCED *5Rb *-DISTRIBUTION 


Ouabain (1 mM) was added after 29 min incubation. At 30 
min, norepinephrine (1 uM) in ascorbate, or only ascorbate, 
was added. The effects were measured at 34 mun. Values 
represent the means S.E. of 4-6 determinations from 2-3 
different cell preparations. 100% was defined as the maximal 
clearance value in each individual cell preparation. 





% of maximal 
86Rb* clearance 


No additions 88+ 8 
1 mM ouabain 69+ 2 
14M norepinephrine 66+ 5 


1 mM оцафаш + 1 pM norepinephrine 53315 


influenced by the presence of norepinephrine. As 
seen in Fig. 5, the presence of norepinephrine was 
without inhibitory or stimulatory effect. 

Thus, in our experimental system, we were una- 
ble to obtain any evidence for a direct effect of 
norepinephrine on the (Na* + K * )-ATPase activ- 
ity. 


Pharmacological characterization of the adrenergi- 
cally induced *6Rb* (K +) efflux 

Norepinephrine at 1 uM binds to both a- and 
В-айгепегвіс receptors [14,20], and it is therefore 
not possible to determine from Fig. 2 whether the 
response is æ- or fj-mediated. In order to investi- 
gate this, we initially compared the effect of the 
predominantly a-adrenergic agonist phenylephrine 
and the predominantly f-adrenergic agonist iso- 
prenaline to that of norepinephrine. The con- 
centrations used (1 and 0.1 иМ, respectively) were 
those shown by Mohell et al. [19] to yield maximal 
respiratory responses through their respective re- 
ceptors. 

We found that all three agonists induced similar 
effluxes of **Rb* (not shown). 

However, as shown in Fig. 6, both the response 
to phenylephrine and that to isoprenaline were 
much more sensitive to the a-antagonist phen- 
tolamine than to the B-antagonist propranolol. 

We therefore conclude that the effect of all the 
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Fig. 5. The effect of norepinephrine on the initial rate of 5Rb * 
uptake. Cells were incubated as in Fig. 1 in the presence or the 
absence of ouabain (1 mM) and/or norepinephrine (1 pM), 
dissolved in buffer. Results are means+S.E from 6-10 
determinations from 3-5 different cell preparations. X, con- 
trol; О, ouabain; 6, norepinephrine + ouabain; A, norepineph- 
rine 
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Fig. 6. The effect of a- and B-antagonists on catecholamine-induced ЕУ fluxes. Cells were incubated as in Fig 2, but with varying 
amounts of the indicated antagonist, phentolamine (PHA) or propranolol (PRO) added at 28 min. At 30 min, 1 pM phenylephrine 
(РЕ) or 01 pM isaprenaline (ISO) (both dissolved in Krebs-Ringer bicarbonate buffer) were added. After another 2 min the 
incubation was stopped and the cells were recollected. Points indicate the means + S.E. from triplicate determinations ш 3-4 different 


cell preparations. 


catecholamines is predominantly of an a-adren- 
ergic nature. 


Discussion 


In the experiments described here, we have 


shown that brown fat cells, ionically depleted by. 


cold incubation, were able to fully restore their 
monovalent ion gradients within 30 min, leading 
to a K*(Rb*) clearance of about 27 pl/ million 
cells, equivalent to a K^ gradient of some 10-fold 
(see below). The restoration was fully dependent 
upon the action of the (Nat + К *)-ATPase. Fur- 
ther, we found that it was possible to release 
reversibly a substantial part of the accumulated 
K* by a-adrenergic stimulation, under conditions 
where a membrane depolarization has been ob- 
served in microelectrode studies. 


Differentiation of acute and chronic effects of inhibi- 
tion of (Na* + К * )-ATPase 

Тһе degree of participation of the (Na* + K *)- 
ATPase in the thermogenic mechanism of brown 
adipose tissue has been widely discussed [4,21—23]. 
The experiments described here, where ion gradi- 
ents and thermogenic response have been investi- 


gated under parallel conditions, may help to 
elucidate this question. i 

The results presented above did not substanti- 
ate an acute role of the (Na* + K *)-ATPase in the 
thermogenic mechanism of the brown fat cells (1.е., 
the possibility that a substantial part of the heat 
production should arise from the ATP breakdown 
of the (Na* + K*)-ATPase). During basal respira- 
tion, the thermogenic inhibition caused by the 
addition of the (Na* + K *)-ATPase inhibitor was 
small (less than 5%), in agreement with the calori- 
metric data presented by Chinet et al. [24]. Simi- 
larly, during maximal norepinephrine-stimulated 
respiration, no significant effect of ouabain addi- 
tion was found (Table I). This may be interpreted 
so that the mitochondrial capacity for respiration 
is fully exploited under conditions of maximal 
stimulation, and extra utilization of ATP for the 
(Na* + K*)-ATPase cannot lead to any further 
respiration. There is, however, good reason to think 
that the (Na* + K *)-ATPase is indirectly stimu- 
lated by norepinephrine during thermogenesis; this 
indirect stimulation would be the result of the 
norepinephrine-induced lowered ion gradients. 
Thus, some portion of total respiration would nat- 
urally result from the synthesis of ATP required 
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for the (Na* + K *)-ATPase. In our experimental 
system we have not been able to observe a direct 
stimulatory effect of norepinephrine on the (Na* 
+ K*)-ATPase (Fig. 5), in contrast to what has 
been observed with the isolated ATPase [23]. 

Regarding the effect of prolonged inhibition of 
the (Na* + K*)-ATPase, the comparison between 
the respiratory data and the ionic accumulation 
gives a good indication that the inhibitory effect of 
ouabain on thermogenesis under these circum- 
stances is due to the very low ion gradients then 
encountered. As seen, a prolonged inhibition of 
K* uptake before norepinephrine addition re- 
sulted 1n a 40% reduction of thermogenesis (Table 
I. 

The most likely explanation for this inhibitory 
effect of prolonged incubation with ouabain is that 
lipolysis (and thus provision of substrate for ther- 
mogenesis) is dependent upon a physiologically 
high cytosolic К“ content. After prolonged in- 
cubation with ouabain, this high K* content is no 
longer found, and a situation reminiscent of that 
observed with incubation of cells in а low-K* 
buffer is created. In both brown [16] and white 
[25] fat cells, this leads to inhibition of lipclysis. 

This clear distinction between the effects ob- 
served upon acute and prolonged inhibition of the 
(Ма? + K*)-ATPase may help to explain why dif- 
ferent estimates of the participation of the (Nat + 
К *)-ATPase in brown fat thermogenesis have been 
reported, and why, for example, time-dependent 
effects [26] have been noted. 


The K * gradient and the membrane potential 

In the basal state, a K* clearance of about 27 
Ш// million cells (27 pl/cell) was found. In order 
to convert this to a K* gradient, the cytosolic 
volume of the brown fat cells must be known. On 
the basis of a cell concentration of about 100 
million/g tissue (for compilation, see Ref. 3), a 
cellular volume of about 10 pl can be estimated, 
and with the triacylglycerols being about one-third 
of the tissue (e.g., Ref. 27), and the mitochondria 
being a major part of the cytoplasmic space, a 
cytosolic volume of about 2-3 pl remains. (In 
preliminary experiments, we have tried to de- 
termine the cytosolic space with 3-O-D[methyl- 
?H]glucose. This gave values of 4-5 pl/ cell.) Thus, 
the concentration gradient of K * is in the order of 


10-fold (or more, as full passive ionic distribution 
was not necessarily assured by the incubation of 
the cells overnight at 4°C). This gradient — accord- 
ing to the Nernst equation - is equivalent to a К+ 
potential of at least — 60 mV. 

The membrane potential of brown fat cells is 
about —60 mV, when measured at 37?C (for 
review, see Ref. 3). There is thus good agreement 
between the basal membrane potential and the К+ 
potential, indicating (in agreement with the calcu- 
lations of Girardier et al. [1]) that the K* potential 
dominates the membrane potential in the resting 
state, with Ра, being only about 1/25 of Ру. (The 
K* potential is probably somewhat higher than 
the membrane potential, as addition of the K* 
ionophore valinomycin leads to a hyperpolariza- 
tion of these cells [28].) 

The addition of catecholamines brings about a 
membrane depolarization of 15-25 mV ([1,2,29], 
for review see Ref. 3). This membrane depolariza- 
tion is persistent, as long as the catecholamine is 
being perfused. Н is reported here that after 
norepinephrine addition, a K* efflux occurred 
from isolated cells (principally in accordance with 
earlier studies of fractional loss of ФК“ from 
tissue slices [1,30,31]). In the experiments demon- 
strated here, this efflux led to the loss of 30--40% 
of the accumulated К+. In the presence of ascor- 
bate, this decreased K* potential was maintained 
(Fig. 2). However, in the absence of ascorbate, the 
K* potential gradually returned to initial levels 
(Fig. 3). (Although this is in accordance with a 
protective antioxidant effect of ascorbate on the 
added norepinephrine, control oxygen electrode 
experiments indicated that this simple explanation 
of ascorbate action could not fully account for the 
effect of ascorbate.) According to the Nernst equa- 
tion, the observed (transient or maintained) loss of 
30-40% of the accumulated К“ is equivalent to a 
decrease in K* potential of 15 mV. 

There is thus, both in the unstimulated and the 
norepinephrine-stimulated steady state conditions, 
rather good' agreement between the membrane 
potential (determined electrophysiologically) and 
the K* potential (determined chemically) Also, 
both the initial phase of membrane depolarisation 
[2] and the decreased K* potential reported here 
(Fig. 6) are of an a-adrenergic nature. 

Taken together, these observations are indica- 


tive of а close relationship between membrane 
depolarisation and the a-adrenergically-stimulated 
K* efflux, a relationship which has been observed 
not only in brown adipose tissue, but also in 
several other nonexcitable tissues, notably parotid 
gland [10,32,33], lacrimal gland [11], cultured kid- 
ney cells [13], guinea-pig and rabbit (but not rat) 
liver [34-36] and white adipose tissue [37]. The 
functional relationship between a-adrenergic 
stimulation and К“ efflux is presently unknown. 
In brown fat cells, the observed K* release 
from the cells is probably not due to an immediate 
and direct opening of K* channels in the plasma 
membrane, induced by norepinephrine stimula- 
tion. Such an increase in Py would lead to a 
byperpolarisation, not to the electrophysiologically 
observed depolarisation. Rather, we suggest that 
.increase in P, is involved in a specific pathway for 
the mediation of a-adrenergic signals, as described 
below. 


А possible mechanism for the a-adrenergic stimula- 
tion of К * efflux 

The adrenergic receptors of the brown fat cells 
have until recently been considered to be exclu- 
sively of the -adrenergic type. The (main part of) 
thermogenesis is ff-adrenergically mediated [19], 
and is thought to involve the classical fj-adrenergic 
Steps: an increase in cyclic AMP; stimulation of 
protein kinase(s); activation of hormone-sensitive 
lipase; and release of free fatty acids from the 
triglycerides (for review see Ref. 3). The free fatty 
acids themselves [38,39] or their acyl-CoA deriva- 
tives [40,41] are then thought to partially uncouple 
the mitochondria through their interaction with 
thermogenin, the brown-fat specific [42], 32 kDa 
purine nucleotide (GDP) binding protein in the 
mitochondrial membrane (for review see Refs. 3 
and 43). 

Тһе results presented here accede to an increas- 
ing body of evidence that also an a-adrenergic 
mechanism exists in these cells. We suggest that 
the K* efflux observed here is mediated through 
the following chain of events [44]. 

Agonist binding to the abundant a-adrenergic 
receptors [19] leads to an increase in plasma mem- 
brane conductivity (probably Р,,) [45], which is 
manifested as an a-adrenergic [2,29] membrane 
depolarization. 
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Thus, Na* enters the cells, and the cytosolic 
Na* concentration increases [30,31]. This leads via 
the mitochondrial Ма“ /Са?* exchange to a 
mobilization of mitochondrial Ca?* [9] and to an 
elevated cytosolic Ca?*. This Ca?* may then 
activate Ca? * -dependent К+ channels, of the type 
described in several nonexcitable tissues 
[13,36,46,47], and the increased Ру may tend to 
counteract the membrane depolarization brought 
about by the increase in Pya. Under the conditions 
of a decreased membrane potential and an elevated 
Py, the K* gradient adjusts itself to the new 
Nernst equilibrium, and a net K* efflux is 
observed. 

Thus, in this model, the membrane depolariza- 
tion in these cells may be understood, not mainly 
as an electrical/physical phenomenon, ‘but rather 
as a chemical/metabolical phenomenon, being 
part of a system which probably has as its purpose 
to reset intracellular ionic conditions. It is likely 
that it is the increase in cytosolic Ca** which is 
the main mediatory event in this sequence; this 
Ca?* then has as one of its effects to activate the 
feed-back increase in K* permeability described 
here, but the Са?” has presumably additional 
mediatory effects, as yet unidentified in this tissue. 
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The phospholipid composition of human peripheral blood monocytes has not been previously reported, due to 
difficulty in isolating these cells in a purified state. In this study, monocytes were purified by counterflow 
centrifugation without selective adherence, and were characterized with the use of fluorescent monoclonal 
antibodies to T and B lymphocytes and monocytes by flow cytometry. These platelet-free cell preparations 
contained less than 5% T cells and less than 3% B cells. Isolated monocytes, which were rapidly frozen after 
isolation, contained phospholipids (in order of decreasing concentrations) as follows: phosphatidylcholine > 
phosphatidylethanolamine > sphingomyelin > phosphatidylserine > phosphatidylinositol > cardiolipin. A 
small amount of lyso-PC, but по lyso-PE, phosphatidic acid ог lyso-PI, was found. The effect of culturing 
these cells in the presence or absence of a known stimulant of monocyte prostaglandin E and thromboxane 
release, the C3b fragment of the third component of human complement (C3), was studied with regard to 
phospholipid composition. Monocytes cultured without stimulant for 24 h contained 3-4% more sphingomye- 
lin than did uncultured cells, and lyso-PC concentrations were consistently elevated. The addition of the 
stimulant C3b to cultured cells resulted in enhancement of release of immunoreactive prostaglandin E into 
culture supernatants, without affecting the release of lysosomal enzymes. Analysis of the phospholipid 
content of cells cultured in the presence of C3b revealed that there was a significant decrease in total PI 
compared to cells cultured in the absence of C3b, in addition to an increased concentration of sphingomyelin 
and lyso-PC when compared to freshly isolated cells. These changes occurred in the absence of elevated 
concentrations of phosphatidic acid. 


saturated fatty acids, particularly arachidonic acid 
to the biologically active eicosanoids thromboxane 
A, and prostaglandin E, [1]. Amongst the mono- 
nuclear leukocytes, the monocyte (macrophage), 
with a high concentration of arachidonic acid in 
phospholipid (over 20%) [2,3], is the principle 


Introduction 


Cells of the monocytes/macrophage lineage are 
capable of the enzymatic conversion of polyun- 
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source of eicosanoids. Most, if not all, lympho- 
cytes do not synthesize prostaglandin or thrombo- 
xanes, despite the presence of adequate concentra- 
tions of arachidonic acid in their membrane phos- 
pholipids [4]. A variety of substances, such as 
zymosan [5], concanavalin A [6], Ca?* ionophore 
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[7], aggregated immunoglobulin [8], immune com- 
plexes [9], phorbolesters (10], and fragments of the 
third component of human complement (C3) [11] 
have been shown to stimulate macrophage pros- 
taglandin release. 

It is well established that prostaglandins and 
thromboxanes are not stored in mammalian tis- 
sues, and that the concentration of available un- 
esterified fatty acids in these tissues is insufficient 
to account for the cell’s potential to produce 
metabolites of arachidonic acid. Therefore, it is 
generally accepted that the rate-limiting step for 
the synthesis of these eicosanoids is the release of 
arachidonic acid from cell phospholipid. It has 
further been shown that different stimuli induce 
different pathways of macrophage phospholipid 
metabolism [7,10]. 

Until recently, studies of arachidonic acid 
metabolism and phospholipid composition of hu- 
man blood monocytes have been hindered by the 
difficulties in preparing platelet-free cell popula- 
tions and by the potential alterations that may 
occur when cells are isolated by selective ad- 
herence culturing techniques. We have recently 
demonstrated that the purified, fluid-phase com- 
plement components C3b and iC3b stimulated the 
release of immunoreactive prostaglandin and 
thromboxane from human peripheral monocytes 
that were isolated by counterflow centrifugation 
[11,12]. This isolation technique provides platelet- 
free cell preparations that have not undergone an 
adherence and disadherence phase of purification. 

The purpose of the present study was to ex- 
amine the phospholipid composition of well-char- 
acterized preparations of purified human mono- 
cytes and the changes that occur during culture of 
these cells for 24 h. In addition, we examined the 
effects of C3b, a known stimulant of monocyte 
prostaglandin release, on phospholipid composi- 
tion and lysosomal enzyme release during culture. 


Methods 


Cell isolation and culture 

The techniques for the preparation of cells for 
culture, isolation of C3b and incubation condi- 
'tions were as reported previously [6]. Briefly, 
mononuclear cells collected following centrifuga- 
tion of citrated blood on Ficoll-Hypaque gradients 


were separated into monocyte and lymphocyte 
populations by counterflow centrifugation. The 
monocyte population was cultured in medium 
MCDB 104 [13] in the absence of serum or protein 
additives. The C3b utilized for this study was 
prepared by limited trypsin digestion [14] of puri- 
fied human C3 [15]. The characteristics of such 
preparations have been previously published [11]. 

Monocytes isolated by counterflow centrifuga- 
tion were characterized as described below, and 
their concentration was determined by micro- 
scopic counts and by analysis on a Coulter cell 
counter. The monocytes were divided equally into 
three groups, and were diluted to a final con- 
centration of 1 - 10° cells/ml with culture medium. 
One group served as a control and was im- 
mediately frozen at — 60? C. The other two groups 
of (12-24) · 10 cells were cultured for 24 h in the 
presence or absence of C3b (25 pg/ml). 


Extraction of phospholipid and analysis 

After the 24 h incubation, the culture media 
were removed with a Pasteur pipette, and adherent 
cells were mechanically harvested. Cells were sus- 
pended in 0.1 M KCI with a glass-Teflon tissue 
homogenizer and samples were removed for en- 
zyme analyses (see below) prior to extraction for 
lipids. The noncultured controls were thawed, and 
the media from these samples and the experimen- 
tal cultures were clarified by centrifugation in a 
Beckman 50.1 rotor. All clarified supernatants were 
saved for analysis of their lysosomal enzyme activ- 
ity. Corresponding cells and membrane fragments 
were extracted for total lipids by the method of 
Folch et al. [16] as modified by Beckman et al. [17] 
with re-extraction of the upper phase. 10 vol. 
chloroform/ methanol (2:1) were added per 
volume of cells. Combined chloroform phases were 
taken to complete dryness and redissolved in 100 
ul of chloroform/ methanol (9:1). Phospholipids 
were separated according to the method of Turner 
and Rouser [18] in the presence of butylated hy- 
droxytoluene. Total phosphorous and individual 
phospholipid phosphorous were determined 
according to the method of Bartlett [19]. 


Enzyme and prostaglandin determinations 
B-Glucuronidase and N-acetyl-B-glucosamini- 
dase were assayed according to the method of 


Ruth et al. [20]. Lysozyme was assayed using 
micrococcus lysodeiktius as described by Shugar 
[21] Immunoreactive prostaglandin was 
determined by a competitive radioimmunoassay as 
described previously [11]. Samples or PGE, stan- 
dards were incubated with rabbit anti-prostaglan- 
din E-bovine serum albumin and 3H-labeled pros- 
taglandin Е,. After 90 min, goat anti-rabbit IgG 
plus pre-immune rabbit serum was added to the 
incubation mixture. Bound radioactivity in the 
precipitate was determined by liquid scintillation 
spectroscopy. The commercial rabbit anti-pros- 
taglandin E serum (Miles Laboratory, Elkhart, IN) 
displayed the following specificity: prostaglandin 
E,, 100%; prostaglandin E}, 70%; prostaglandin 
A, 1%; prostaglandin Е,, 5%; prostaglandin B,, 
0.6%; and prostaglandin B,, 0.1%. 


Characterization of cell populations 

Cell ppopulations were characterized by their 
reactivity with the following monoclonal antibod- 
ies: a-OK T3 and а ОКТИ were the kind gift from 
Dr. T. Tachovsky. Anti-OKM1 was from Ortho 
Diagnostic Systems, Inc. (Raritan, NJ), а-В1 was 
from Coulter Electronics, Hialeah, FL, and a-Mol 
and а-Мас1 were generously provided by Е. Todd 
and T. Mohanakumar, respectively. 

Cytometric analysis was performed using an 
Ortho Spectrum ЇЇ flow cytometer (Ortho Di- 
agnostic Systems, Westwood, MA) equipped with 
a Iw argon-ion laser, emitting at a wavelength of 
488 nm at an operating power of 30 mW. Forward 
and right angle (90?) light scatter was measured 
using photomultiplier gain settings of 27 and 210, 
respectively, and an integrator gain setting of 5 for 
both parameters. Green fluorescence was mea- 
sured using photomultiplier and integrator gain 
settings of 540 and 15, respectively. Fluorescence- 
positive cells were expressed as the percentage of 
total cells which showed staining intensities be- 
yond a window containing 99.5% of control stained 
cells. Open trigger regions were utilized in all 
analyses, in order to include all cells present іп 
each sample. 


„Results 


In order to determine the purity of the mono- 
cyte preparations, their reactivities with mono- 
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TABLE I 


FLOW CYTOMETRIC ANALYSIS OF MONOCYTE 
POPULATIONS PREPARED BY COUNTERFLOW 
CENTRIFUGATION 


Mononuclear cells were prepared by centrifugation on Ficoll- 
Hypaque gradients. Monocytes were prepared from mono- 
nuclear cells by counterflow centrifugation. n.d., not de- 
termined 


Mononuclear cells Monocytes Number of 
(% positive+ S.D.) (% positive + S.D.) determi- 
nations 








OKT3 60.0- 8.3 48+ 1.1 4 
ОКТ 11 757+11.9 2.8 + 0.3 4 
В1 77+ 2.8 2.54 15 2 
ОКМ 1 па. 85.0 +10.0 2 
МО1 nd. 77.9. 0.9 2 
МАС1 9.5- 00 84.24 0.3 2 





clonal antibodies directed against surface antigens 
of various mononuclear cell types were assessed. 
The data in Table I show the relative concentra- 
tions of T lymphocytes (OKT3- and OKT11-posi- 
tive cells), B lymphocytes (B1-positive cells) and 
monocytes (Macl-, ОКМ1- and Mol.positive 
cells). T lymphocyte markers were present on less 
than 5% of cells in the monocyte preparations, 
compared to 60% OKT3 (+) cells and 76% OKT11 
(+) cells in unseparated mononuclear cell pre- 
parations. Bl-positive cells comprised 2.5% of the 


TABLE II 


QUANTITATION OF N-ACETYL-8-GLUCOSAMINI- 
DASE AND IMMUNOREACTIVE PROSTAGLANDIN IN 
SUPERNATANTS FROM MONOCYTES CULTURED FOR 
24 H WITH OR WITHOUT C3b 


Total N-acetyl-B-glucosaminidase activity in freshly isolated 
monocytes was 0.885 40.166 ҺМ/106 cells/mm. Data are 
expressed as the mean + 5.0, 


Control 
(n = 6) 


C3b, 25 pg/ml 
(п = 6) 





N-acetyl-B-glucosaminidase 
Total activity 
(&M/10$ cells/min) 
N-acetyl-B-glucosaminidase 
% in supernatants 15.8 +77 
Prostaglandin E (ng/10$ cell) 272 3241 


0.786 0.296 0.708 + 0.159 


159 £37 
944 +62 * 





а Significantly different from control, Р < 0.05 as determined 
by Student's paired t-test 
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monocyte preparations, compared to. 7.7% іп the 
mononuclear cell preparations. The monocyte 
markers (OKM1, Mol, and Мас1) were present on 
78—8595 of cells in the monocyte preparations. 
Macl-positive cells comprised 9.5% of the mono- 
nuclear cells prior to counterflow centrifugation. 
These data confirm our previous observations on 
the purity of these cells, which were shown to be 
over 90% phagocytic and esterase positive [5]. The 
remaining mononuclear cells in the monocyte pre- 
parations are thought to be null cells or promo- 
nocytes. Microscopic analysis and size distribution 
of monocyte preparation revealed a-complete ab- 
sence of platelets, either free or adherent to the 
monocyte surfaces. 

The data in Table II depict the activity of the 
lysosomal enzyme N-acetyl-B-glucosaminidase 
found in clarified supernatants and in detergent- 
solubilized cell pellets in six experiments. Despite 
a decrease in the mean total enzyme activity of the 
cultured cells as compared to that in noncultured 


cells that were frozen immediately after isclation, - 


no significant differences were noted between cul- 
tures exposed to C3b and those exposed to medium 
alone. Thus, C3b failed to stimulate release of 
N-acetyl-B-glucosaminidase under these condi- 
tions. | 

Determinations of the enzymatic activities of 
lysozyme and f-glucuronidase (data not shown) 
also failed to demonstrate an effect of C3b on 


TABLE III 
PHOSPHOLIPID COMPOSITION OF MONOCYTES 


these lysosomal enzymes. Lysozyme was slightly 
more membrane associated, with release of ap- 
prox. 10% of the activity into the supernatant. 
B-Glucuronidase was slightly more labile; approx. 
20% of the total activity was released into the 
culture medium. 

Table II also demonstrates the release of im- 
munoreactive prostaglandin in these six experi- 
ments. Ав was previously noted, C3b-stimulated 
prostaglandin production 3- to 7-fold when com- 
pared to the corresponding controls. Cultured cells 
produced prostaglandin at low levels (range 
0.54-6.0 ng/10$ cells), but prostaglandin levels in’ 
noncultured cells barely reached reliable limits of 
detection. In similar preparations, we have shown 
5- to 10-times as much thromboxane B, release as 
prostaglandin Е. [12]. 

Table III shows the results of the analysis of the 
monocyte membrane phospholipids expressed as a 
percentage of total recovered phosphate. Mean 
recovery was found to be 93.4--71% (range 
84-111). For all samples, total phosphates were 
6.0-7.5 nmol phospholipid Р/106 cells. No signifi- 
cant differences were noted between experimental 
groups. The various phospholipids are listed 
according to their relative concentrations in these 
membranes. PC was always found to be the major 
phospholipid, followed by PE and sphingomyelin 
in each of the preparations. These phospholipids 
accounted for 70-80% of the total phospholipids. 


Data are expressed as percentage of total recovered phospholipid рһоѕрһогиѕ + 8.0. Remaining phospholipid phosphorus 15 
accounted for by unidentified phospholipid plus material remaining at origin of chromatographs. Data represent results of eight 
different experiments. Numbers in parentheses represent the number of trials ш eight experiments in which lyso-PC was detected. In 
the two trials in which lyso-PC was detected, it accounted for 0 37 and 0.64% of the total phospholipid phosphorus. 


Phospholipid Uncultured. 
cells 

Phosphatidylcholine 39.8 +4.2 
Phosphatidylethanolamine 30.4 + 3.5 
Sphingomyelin 10.9 1.1 
Phosphatidylserine 9.5412 
Phosphatidylinositol 6.9411 
Cardiolipin 14+0.8 
Lysophosphatidyicholine <1.0 (2) 





24-h cultures 

control C3b, 25 ug/ml 

36.8 +31 35.5+3.2* 

29.6 + 3.4 29.5 +5.2 

141-214 16.8 +3.3 ° 
7.61.6 7.53 1.8 
6.41.7 5.01.4% 
1240.5 1540.8 
2440.9 (5) 3.7418 (6) 





a Significantly different from uncultured cells, P < 0.05 (Student's paired t-test). 
> Significantly different from cells cultured in the absence of C3b, P < 0.001 (Student's paired t-test). 


A significant decrease in the major phospholipid, 
PC, was noted only in cultured cells exposed to 
C3b. Interestingly, the proportion of sphingomye- 
lin was significantly increased in both cultured cell 
groups. Analysis of the minor phospholipid species 
failed to demonstrate any lyso-PE or lyso-PI. As 
has been noted by others [22], the cardiolipin 
content of these cells is low, less than 2%, and 
remains low after 24 h of culture. Lyso-PC was 
found in trace quantities in two of eight uncul- 
tured control samples, but was more consistently 
found in both cultured cell groups (five of eight 
and six of eight, respectively). Significant decreases 
in the content of PI were noted only for C3b- 
treated cells. The decrease was dramatic (over 
5095) in four of eight preparations; however, only 
two preparations yielded any detectable phos- 
phatidic acid after extraction and chromato- 
graphic separation. 


Discussion 


This report confirms the utility of counterflow 
centrifugation as a means to obtain large numbers 
of highly pure human peripheral monocytes [6]. 
This procedure allowed us to examine platelet-free 
monocyte populations, while avoiding the poten- 
tial problems of using selective adherence during 
isolation of our starting material [2]. The purity 
and uniqueness of these cells have been confirmed 
by enzyme analysis, microscopy, cell-sizing analy- 
sis, and now by immunological techniques (Table 


The release of prostaglandins and thrombo- 
xanes from leukocytes has been demonstrated to 
occur in response to a variety of stimuli. Elucida- 
tion of the phospholipid source of the precursor: 
fatty acid for eicosanoid production has been an 
active area of study, and is of particular interest 
with regard to macrophage immunomodulatory 
functions that may be mediated by metabolites of 
arachidonic acid. 

Although data are available describing the 
phospholipid composition of certain leukocyte 
populations and changes that occur during pros- 
taglandin production, to our knowledge our data 
are the first published which describe the phos- 
pholipid content of well-characterized human 
monocytes. Lipid analysis of human mononuclear 
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cells reported to this point have been performed 
on cells containing significant numbers of plate- 
lets, lymphocytes and monocytes [3,23] or have 
failed to provide an individual accounting of all 
phospholipid species [24]. Thus, these data reflect 
the relative contribution of contaminating cells to 
total phospholipid analysis, or provide an incom- 
plete or inaccurate picture of phospholipid com- 
position, when only major phospholipids are de- 
scribed. Our choice to examine changes in total 
cellular phospholipids rather than pulse-labeled 
phospholipid pools was made to avoid labeling of 
selected phospholipids during early maturation of 
the monocyte. In a recent study of platelet-de- 
pleted monocyte cultures, the uptake of radio- 
labeled arachidonic acid into membrane phos- 
pholipid pools has been reported [2]. The data 
reported did not reflect the composition of the 
monocyte membrane phospholipids, as they are 
reported in this study. Freshly isolated monocytes 
contained phospholipids as follows: phosphati- 
dylcholine > phosphatidylethanolamine > sphingo- 
myelin > phosphatidylserine > phosphatidylinosit- 
ol > cardiolipin. Lyso-PE and phosphatidic acid 
were not detectable in the cells, and lyso-PC was 
occasionally present in minute quantities. How- 
ever, since changes in phospholipids were mea- 
sured after 24 h in culture, these data do not rule 
out the possibility that phosphatidic acid was 
formed early and metabolized further to species 
not identified by these methods. The same is true 
for lyso-PC, since these cells are capable of active 
reacylation when fatty acyl coenzyme A is availa- 
ble as substrate. 

Analysis of phospholipid changes due to culture 
was also performed. It is мей” known that as 
monocytes mature in culture, metabolic and 
structural changes occur [25]. Proliferation of 
plasma membrane, lysosomes and mitochondria 
has been shown to occur as early as 24 h after 
adherence. This has been confirmed microscopi- 
cally by a number of groups. Biochemical analyses 
of changes of total and specific activities of 
organellar marker enzymes also supports these ob- 
servations [26]. Our study extends these observa- 
tions by demonstrating that other membrane-asso- 
ciated changes are occurring. The elevation of 


“ lyso-PC and sphingomyelin noted in both cultured 


cell groups may suggest increased membrane 
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turnover in preparation for spreading or matura- 
tion. Sphingomyelin is found at high concentration 
levels in plasma membranes, and to a lesser extent 
in other organelles [27]. Lyso-PC is one by-product 
of the action of phospholipase A,, an initiating 
step in prostaglandin E production and a means 
by which the membrane phospholipid can change 
the fatty acid composition and thus the physical 
characteristics of the membrane. Lyso-PC is also 
utilized for de novo synthesis of PC, the major 
phospholipid of monocyte membranes. 

The source of arachidonic acid for production 
of prostaglandin E and thromboxanes in several 
other leukocyte systems has been found to be PI 
and PC, through the use of pulse-radiolabeling 
techniques. Data that exist demonstrating a pre- 
dominant pathway for generation of arachidonic 
acid show a variability that appears to depend on 
the stimulus utilized and the cell challenged, and it 
is possible that multiple pathways of arachidonic 
acid release can be involved [5,7,10]. The degrada- 
поп of PI and PC and the release of arachidonic 
acid need not be mutually exclusive; a recent 
report emphasizes that complex interrelationships 
may exist between these two processes [31] In 
addition, release of lysosomal enzymes in some 
systems has been reported by others to occur 
concomitantly with PI turnover [7,28]. 

We have recently reported that C3b stimulates 
prostaglandin and thromboxane release from 
monocytes purified by counterflow centrifugation 

‚ When they are cultured as described in this study 
[11,12]. Furthermore, C3b is reported to stimulate 
release of lysosomal enzymes from rodent macro- 
phages [29,30]. The data reported in the present 
study indicate that C3b stimulates PI turnover 
without causing increased release of lysosomal en- 
zymes. In agreement with this concept, others have 
reported that lysosomal enzyme release and pros- 
taglandin production are not necessarily interde- 
pendent processes [5,24]. Our data in Table II 
demonstrate that human monocytes are capable of 
prostaglandin production. When stimulated by 
C3b, a 3- to 6-fold increase in the release of 
immunoreactive prostaglandin was noted. How- 
ever, no increase in the release of lysosomal en- 
zymes from these cells was noted after stimulation 
by C3b. The measurements of lysosomal enzymes 
did not differ significantly in total activity or in 
the proportion of activity that remained bound or 


solubilized for all three enzymes tested. This sug- 
gests that, under the conditions reported here, 
prostaglandin E release and lysosomal enzyme 
secretion are independent events. We have not 
studied the influence of cytochalasin B in this 
system. Examination of the changes in PI for each 
individual cell preparation from our study alse 
failed to show any significant correlation between 
PI turnover and lysosomal enzyme release. 

When cultured monocytes were exposed to C3b, 
changes similar to those seen in nonstimulated 
cultures were noted in their content of lyso-PC 
and sphingomyelin. In four of the eight C3b-treated 
cultures the proportion of lyso-PC recovered was 
slightly greater than that in corresponding cul- 
tured controls, while the increase in sphingomyelin 
was similar for both groups. Also, in four of the 
eight C3b treated cultures a large decrease in the 
content of PI was noted. A similar trend in PI 
depletion was noted by Serhan et al. [32] following 
stimulation of human neutrophils. It was thus 
difficult to segregate changes due to normal mem- 
brane turnover of phospholipids and phospholipid 
changes that may be induced by C3b during pros- 
taglandin E and thromboxane production. This 
includes the complex metabolic changes that the 
various intermediates of the major phospholipids 
may undergo. Our data clearly show that relative 
changes in phospholipid composition may occur 
due to culturing conditions, and total quantifica- 
tion of major and minor phospholipid must be 
performed in order to assess accurately the signifi- 
cance of these changes. Our data are consistent 
with the interpretation that PI is one possible 
source of arachidonate for prostaglandin and 
thromboxane production when the monocyte is 
activated by C3b. However, these data cannot be 
interpreted to indicate the presence of a receptor 
triggered phosphatidylinositol cycle in human 
monocytes. The decrease in PI could be due to 
enhanced phospholipase A,, C or D activity. Data 
demonstrating the release of arachidonic acid from 
phosphatidic acid and its conversion to pros- 
taglandin in response to C3b would be required to 
suggest an active phosphatidylinositol cycle. Ex- 
periments to identify the precise source of mono- 
cyte arachidonic acid which is converted to throm- 
boxanes, prostaglandins or other metabolites are 
in progress. 
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Glyceraldehyde induces changes in the flux of glucose oxidised through the hexose monophosphate pathway, 
the concentrations of intermediates іп the Embden-Meyerhoff pathway, the oxidative status of haemoglobin 
and levels of reduced and oxidised pyridine nucleotides and glutathione in red cells. Glyceraldehyde 
autoxidises in the cellular incubations, consuming oxygen and producing glyoxalase I- and П-теасбуе 
materials. Major fates of glyceraldehyde іп red cells appear to be: (i) adduct formation with reduced 
glutathione and cellular protein; (ii) autoxidazion and reaction with oxyhaemoglobin and pyridine nucleotides, 
and (ii) phosphorylation of D-glyceraldehyde and entry into the glycolytic pathway as glyceraldehyde 
3-phosphate. The production of glycerol from glyceraldehyde by red cell 1-hexonate dehydrogenase appears 
not to be a major reaction of glyceraldehyde in red cells. These results indicate that high concentrations of 
glyceraldehyde (1-50 mM) may induce oxidetive stress in red cells by virtue of the spontaneous autoxidation 
of glyceraldehyde, forming hydrogen peroxide and oa-ketoaldehydes (glyoxalase substrates). The implications 
of glyceraldehyde-induced oxidative stress for the in vitro anti-sickling effect of DL-glyceraldehyde and for 
the polyol pathway metabolism of glyceraldehyde are discussed. 


Introduction 


Glyceraldehyde (used herein to denote features 
common to D-, L- and DL-glyceraldehyde) is an 
aldotriose and is one of the simplest monosac- 
charides found in biology. p-Glyceraldehyde is the 
biologically important stereoisomer, although L- 
glyceraldehyde also appears in normal metabolism 
as a metabolite. The use of glyceraldehyde as an 
anti-tumour agent, until recently, has been the 
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focus of glyceraldehyde-related research [1]. 
DL-Glyceraldehyde has recently been shown to 
inhibit the sickling of sickle cells in vitro. DL- 
Glyceraldehyde-treated sickle cells showed a small 
increase in oxygen affinity, a reduction in the Hill 
coefficient, a substantial increase in the minimum 
gelling concentration and modification of up to 
two lysine residues per haemoglobin molecule [2]. 
DL-Glyceraldehyde did not reverse the sickling of 
sickle cells when the haemoglobin was in the de- 
oxy state. Other simple monosaccharides were 
found not to be as effective anti-sickling agents as 
glyceraldehyde, and there was no stereospecificity 
with respect to the glyceraldehyde; DL-, р- and 
L-glyceraldehyde were equally effective. Relatively 
high concentrations of DL-glyceraldehyde (50 mM) 
induced cross-linking of cellular haemoglobin and 


membrane proteins. Cells treated with lower con- 
centrations of Dr-glyceraldehyde (5-20 mM) 
showed little change in osmotic fragility, exhibited 
improved filtration properties and had a lowered 
viscosity [3]. In an on-going study, the site-specific 
binding and the formation of ketoamine adducts 
between haemoglobin and glyceraldehyde have 
been studied [4—6]. 

In a recent report [7], we have described the 
autoxidation of glyceraldehyde and other simple 
monosaccharides, catalysed by phosphate buffer. 
DL-, D- and L-glyceraldehyde were shown to autox- 
idise and form hydroxypyruvaldehyde, hydrogen 
peroxide, hydroxyl and 1-hydroxylalkyl free radi- 
cals. Further studies demonstrated the oxidation 
of oxyhaemoglobin by autoxidising glyceraldehyde 
and other simple monosaccharides [8] D- 
Glyceraldehyde has been shown to be phosphory- 
lated by red cell triokinase activity [9] and reduced 
by red cell L-hexonate dehydrogenase activity [10]. 
The r-hexonate dehydrogenase activity was con- 
sistent with the observed stimulation of the hexose 
monophosphate shunt and oxidation of NADPH 
in red cells treated with 1.5 mM p-glyceraldehyde. 
The current interest in the use of high concentra- 
tions (up to 50 mM) of pr-glyceraldehyde as a 
preferred substrate for aldose reductase (alditol: 
NADPH oxidoreductase, EC 1.1.1.21) in the polyol 
pathway [11] prompted studies on the oxidative 
effects of glyceraldehyde on red cell metabolism. 

In this report, the effects of glyceraldehyde on 
red cells, over a concentration range of more than 
two orders of magnitude, have been studied. 
Glyceraldehyde induces changes in the flux 
through the hexose monophosphate pathway, the 
levels of cellular glycolytic intermediates in the 
Embden-Meyerhoff pathway, the oxidative status 
of haemoglobin and the levels of reduced and 
oxidised pyridine nucleotides and glutathione in 
red cells. All these changes in red cell metabolism 
appear to have no gross, acute effects on cellular 
osmotic fragility (no lysis observed). 


Materials and Methods 


Red cell preparations. Adult human blood was 
drawn daily into 3.8% sodium citrate solution. 
After centrifugation, plasma and white cells were 
removed and the red cells were washed three times 
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with phosphate-buffered saline (9 parts 0.9% МАСІ; 
1 part 01 M KH;PO,/K,HPO, (pH 7.4)) or 
isotonic saline (0.9% NaCl). A 25% (v/v) suspen- 
sion of red cells was prepared in Krebs-Ringer 
phosphate buffer (120 mM NaCl, 4.8 mM KCI, 1.3 
mM CaCl 1.2 mM MgSO, 16.5 mM 
NaH,PO,/Na,HPO,) using the phosphate- 
buffered saline washed cells, and a 25% (v/v) 
suspension of red cells was prepared in Krebs- 
Ringer glycylglycine buffer (120 mM NaCl, 4.7 
mM КС, 2.5 mM CaCl,, 1.2 mM KH,PO,, 12 
mM MgSO,, 50 mM glycylglycine (pH 7.4)) using 
the isotonic saline washed cells. 

Red cells containing methaemoglobin were pre- 
pared by incubating a volume of packed red cells 
with an equal volume of 0.5% NaNO, in half-con- 
centrated phosphate-buffered saline for 10 min at 
room temperature. After this time, the red cells 
were washed five times in phosphate-buffered 
saline to remove excess nitrite. À portion of the 
packed methaemoglobin-containing red cells 
thereby produced was analysed for methaemoglo- 
bin content (see below), to ensure that complete 
conversion of the native oxyhaemoglobin to 
methaemoglobin had been achieved. A 25% (v/v) 
suspension of the packed methaemoglobin-con- 
taining cells in Krebs-Ringer phosphate buffer was 
prepared for all subsequent incubations. 

Red cell suspensions containing carbonmon- 
oxyhaemoglobin were prepared by blowing carbon 
monoxide over 25% suspensions of red cells in 
Krebs-Ringer phosphate buffer, until haemoly- 
sates of a portion of the cells (see below) gave a 
maximal absorbance at 569 nm. Carbonmonoxy- 
haemoglobin-containing red cells, thereby pro- 
duced, were washed once in aerated phosphate- 
buffered saline. 

Enzymes. Fructose-1,6-bisphosphate aldolase 
(ЕС 4.1.2.13), glyceraldehyde-3-phosphate dehy- 
drogenase (EC 1.2.1.12) and pyruvate kinase (EC 
2.7.1.40) - all from rabbit muscle -  tri- 
osephosphate isomerase (EC 5.3.1.1) from bakers 
yeast, lactate dehydrogenase (EC 1.1.1.27) from 
bovine heart, glycerol kinase (EX 2.7.1.30) from 
Candida mycoderma, glyoxalase I (EC 4.4.1.5) 
grade IV from yeast, glyoxalase П (EC 3.1.2.6) 
from bovine liver, glucose-6-phosphate dehydro- 
genase (EC 1.1.1.49) from bakers yeast, aldehyde 
dehydrogenase (EC 1.2.1.5) from bakers yeast and 
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glutathione reductase (ЕС 1.6.4.2) type Ш from 
yeast were supplied by Sigma, St. Louis, MO. 
Glutamate dehydrogenase (EC 1.4.1.3) from bovine 
liver and alcohol dehydrogenase (EC 1.1.1.2) from 
yeast were supplied by Boehringer Mannheim. 
Other materials: DL-glyceraldehyde, D-glyceralde- 
hyde, L-glyceraldehyde, reduced and oxidised 
pydridine nucleotides NAD(P)*, NAD(P)H, 
sodium a-ketoglutarate, glucose 6-phosphate, 
fructose-1,6-bisphosphate and sodium lactate 
pyruvate were purchased from Sigma. 

Glyceraldehyde content of supernatant from red 
cells incubated with glyceraldehyde. A 25% (v/v) 
suspension of red cells in Krebs-Ringer phasphate 
buffer was incubated with 10 mM glyceraldehyde 
at 37°C for 1 h. Aliquots were withdrawn after 0, 
20, 40 and 60 min reaction time and were im- 
mediately centrifuged for 5 min at 2000 X g, and 
the supernatant was analysed for aldehyde content 
with aldehyde dehydrogenase [12] The super- 
natant was diluted 100-fold into the cuvette assay 
mixture, and the Аз, was followed with time until 
no further increase was observed. The cuvette as- 
say mixture comprised 2 mM МАР“, 100 mM 
KCl, 100 mM К+ ‘Hepes (рН 7.4), 1 mM di- 
thiothreitol and 1% (v/v) cellular supernatant. 
Control levels of red cell aldehyde detected (less 
than 50 uM) were subtracted from concentrations 
of aldehyde found during glyceraldehyde treat- 
ment. Data shown are the means of four experi- 
.. ments. 

Measurement of flux of glucose through the HMS. 
The flux of glucose oxidised through the HMS was 
measured by collecting "СО, released from р-[0- 
14 Cleglucose. n-[U-!^C]Glucose rather than р-[1- 
14С]р1цсове was used, so that the entire flux was 
measured, including recycling of pentoses through 
the hexose monophosphate pathway. 1 ml of 25% 
red cell suspensions with 5 mM glucose containing 
0.33 pCi of p-[U-'^C]glucose (supplied by New 


England Nuclear, Boston, MA), in the presence. 


and absence of glyceraldehyde, were incubated for 
1 В at 37°C ір 10-ml stoppered Erlenmeyer flasks 
containing a well of 0.2 ml of 2 M KOH. Proce- 
dures of analysis are as described previously [13]. 
The flux through the HMS was calculated after 
subtracting blank values and was expressed as 
pmol of glucose oxidised per В per ml of packed 
red cells. Results presented are the means of four 
determinations. 


Determination of the levels of glycolytic inter- 
mediates. 'The concentrations of lactate and pyru- 
vate in 25% red cell suspensions with 5 mM glu- 
cose, in the absence and presence of 10 mM 
glyceraldehyde, were determined by previously 
published methods [14]. Lactate and pyruvate con- 
centrations in red cell suspensions at / — 0 and 
after 1 h incubation at 37°С were determined. 
Data presented are the means of four determina- 
tions. The concentrations of the glycolytic triose 
pool of intermediates (glyceraldehyde 3-phos- 
phate, dihydroxyacetone phosphate and fructose 
1,6-bisphosphate) were determined by previously 
published methods [14]. 4 ml of 25% suspensions 
of red cells with 5 mM glucose, in the presence 
and absence of 10 mM glyceraldehyde, were in- 
cubated for 1 h at 37°C. After this time, the red 
сей suspensions were washed with 5 ml 
phosphate-buffered saline. The 1 ml pellet of red 
cells was then treated with 8 ml 4% perchloric acid 
and centrifuged at 2000 x g for 10 min. 7 ml of the 
perchloric acid extract supernatant were neu- 
tralised with 1 М К,СО,, and the neutralised 
extract was made up to 10 ml with distilled water, 
The neutralised extract was centrifuged at 2000 x g 
for 10 min, and the supernatant was analysed for 
triose pool glycolytic intermediates, following 
NADH production from МАР“ by fluorescence 
spectrophotometry with sequential addition of: (i) 
8 U/ml glyceraldehyde-3-phosphate dehydro- 
genase; (ii) 200 U/ml triosephosphate isomerase, 
and (iii) 0.35 U/ml aldolase, in the presence of the 
neutralised perchloric acid extract. Data presented 
are the means of four determinations. Blanks 
(water substituted for the perchloric acid extract) 
and standard solutions of fructose 1,6-bis- 
phosphate (after addition of all three enzymes) 
were analysed for fluorescence changes. The exci- 
tation frequency was 340 nm, and the emission 
band was followed at 460 nm. Fluorescence spec- 
trophotometry was performed on a Perkin-Elmer 
650-108 fluorescence spectrophotometer. 

Determination of the levels of oxidised and re- 
duced pyridine nucleotides. Cellular levels of 
NAD*, NADP*, NADH and NADPH, in con- 
trol and glyceraldehyde-treated cells, were de- 
termined by a modification of the ethanolic extrac- 
tion procedure of Sander et al. [15]. NADH and 
NADPH concentrations were measured by fluo- 


rescence spectrophotometry (see above). Тһе con- 
centrations of pyridine nucleotides were de- 
termined in 8.0 ml 25% red cell suspensions at 
1-0 and after incubation for 1 h at 37°C in 
Krebs-Ringer phosphate buffer (pH 7.4). After 
incubation, the red cells were washed with 5 ml 
phosphate-buffered saline, and the 2 ml red cell 
pellet was then collected by centrifugation. Data 
presented are the means of four determinations. 

For the red cell extraction procedure, 6.0 ml of 
absolute ethanol and 2.0 ml of 0.2 М K,HPO, 
(pH 9.0) were pipetted into a 25-ml Erlenmeyer 
flask and heated to boiling. The 2.0 ml red cell 
pellets from the incubations with and without 
glyceraldehyde (see above) were then quickly ad- 
ded to the boiling ethanolic solution. This mixture 
was quickly brought back to the boiling point (2 s) 
while shaking. The flask was then cooled on ice, 
and 2.0 ml 0.1 M ZnCl, was added to the mixture 
while shaking. The flask and contents were re- 
tained on ice at 0°C for a further 20 min, after 
which the mixture was centrifuged at 48000 x g 
for 15 min. The supernatant was decanted and 
kept at 0°С until the time for assay. 

The assays for the pyridine nucleotides were 
essentially those of Segel et al. [16]. In each assay, 
1 ші of the ethanolic extraction was added to 
approx. 2 ml assay buffer plus enzyme. In the 
NADH assay, 0.2 unit lactate dehydrogenase in 20 
pl of extract was added to 2 ті of a solution of 75 
mM imidazole/7.5 mM MgCl,/15 mM pyruvate/ 
37.5 mM КС (pH 7.0). In the NADPH assay, 0.5 
units glutamate dehydrogenase іп 20 ul water were 
added to cuvettes containing 1.0 ml extract and 
2.0 ml of a solution of 75 mM imidazole/7.5 mM 
MgCl;/7.5 mM a-ketoglutarate/37.5 mM Ка 
(pH 7.4) (this assay measures both NADH and 
NADPH; the NADH value obtained above is 
subtracted to give the NADPH concentration). 
The decrease in fluorescence emission at 460 nm 
was recorded. Іп the МАЮ“ assay, 5 units of 
alcohol dehydrogenase in 20 ul water were added 
to cuvettes containing 1.0 ml of extract and 2 ml 
of solution of 30 mM tetrasodium pyrophosphate 
and 14.25% ethanol. In the NADP" assay, 0.04 
unit of glucose-6-phosphate dehydrogenase in 20 
pl water was added to 1.0 ml of extract and 2.0 ml 
of a solution comprising 120 mM Tris-HCl (рН 
7.0)/0.15 mM MgCl,/1.5 mM glucose 6-phos- 
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phate. The increase in fluorescence emission at 460 
nm was recorded. (Reduced pyridine nucleotide 
assays were performed on all samples prior to 
oxidised pyridine nucleotide assays, due to the 
oxidative instability of NADH and NADPH.) 

The reaction between autoxidising DL- 
glyceraldehyde and pyridine nucleotides in 
Krebs-Ringer phosphate buffer was followed by a 
similar enzymatic analysis procedure. Reaction 
mixtures (5 ml) containing 20 uM of a pyridine 
nucleotide (NAD*, NADPH*, NADH and 
NADPH) and 10 mM pr-glyceraldehyde, were 
incubated for 1 h at 37°С іп Krebs-Ringer phos- 
phate buffer (pH 7.4). The yield of oxidised /re- 
duced/non-intact (enzymically inactive) pyridine 
nucleotide was determined in all cases by the 
above procedures. Reaction incubations were 
terminated by rapid freezing to — 40°C and were 
thawed immediately prior to enzymatic analys- 
is.Data presented are the means of four determina- 
tions. 

Determination of oxidised and reduced glutath- 
ione. The concentrations of oxidised and reduced 
glutathione (GSSG and GSH, respectively) in red 
cells were assayed by the methodologies previously 
described by Beutler [14]. 

Reduced glutathione (GSH) was assayed іп 25% 
red cell suspensions at 20 min intervals over a 1 h 
period, for incubations at 37?C, in the absence 
and presence of 10 and 50 mM pt-glyceraldehyde. 
Data shown are the means + S.D. of four indepen- 
dent determinations. 

Oxidised glutathione (GSSG) was assayed in 
sedimented red cells and in the supernatant before 
and after incubation of 25% red celi suspensions, 
with and without 10 mM pD1-glyceraldehyde, for 1 
h at 37?C in a shaking water bath. Data presented 
аге the means + S.D. of four independent de- 
terminations. 

Oxygen consumption. The rate of oxygen con- 
sumption by autoxidising DL-glyceraldehyde in 
Krebs-Ringer phosphate and Krebs-Ringer 
glycylglycine buffers (pH 7.4) at 37°C was fol- 
lowed on a Clark-type oxygen electrode (YSI 
Model 53, Yellow Springs Instrument Co., Yellow 
Springs, OH). Data presented are the means of 
four determinations. 

Glyoxalase I- and IT-reactive material. Red cell 
suspensions, incubated in the absence and pres- 
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ence of 10 mM pnr-glyceraldehyde, were analysed 
for glyoxalase I- and П-геасйуе material by analy- 
sis of neutralised trichloroacetic acid extracts with 
GSH/glyoxalase I and glyoxalase II, in a sequen- 
tial enzymatic assay system following S-glutat- 
hione adducts by absorbance at 240 nm [17]. 


glyoxalase I glyoxalase И 
RC-C-H+GSH ~ RCH-C-SG > RCH- C-OH--GSH 


ob "gl 


1-ml 25% suspensions of red cells, in the absence 
and presence of 10 mM pr-glyceraldehyde, were 
incubated at 37°С in Krebs-Ringer phosphate 
buffer and Krebs-Ringer glycylglycine buffers at 
pH 7.4 for 1 h. After this time, the red cell 
suspensions were treated with ice-cold 0.5 ml 30% 
(v/v) trichloroacetic acid, with constant stirring. 
The trichloroacetic acid extracts were left on ice 
for 5 min, then centrifuged at 2000 X g for 10 min, 
and the supernatant was removed. The clear tri- 
chloroacetic acid extracts were extracted four times 
with water-saturated ice-cold diethyl ether (5 ml), 
and the residual diethyl ether was finally driven 
off with water-saturated nitrogen. The extracts 
were now neutral to pH paper and were used in 
the glyoxalase analyses. Control samples of nor- 
mal red cell suspensions, without incubation, were 
also prepared. 

Cuvette assay mixtures contained 100 mM 
sodium phosphate buffer (pH 6.6), 2 mM GSH, 1 
mM DETAPAC, with and without 107 neu- 
tralised trichloroacetic acid extract. The ab- 
sorbance at 240 nm was recorded before (baseline) 
and after the addition of 12.5 U/ml glyoxalase I 
(to test and reference cuvettes), until a maximum 
absorbance was attained. A further addition of 2.5 
U/ml glyoxalase II was then made. The fall in 
absorbance at 240 nm was recorded until a mini- 
mum was attained. The concentrations of glyoxal- 
ase I- and II-reactive material were calculated for 
the red cell suspensions, using an extinction coeffi- 
cient from Ref. 17 and appropriate dilution fac- 
tors. 


R- CH -C -SG of e24 = 3.37 mM^ em! 


E 


, 


Hydroxypyruvaldehyde production from 10 
mM pr-glyceraldehyde in Krebs-Ringer phosphate 
and Krebs-Ringer glycylglycine buffers at 37°С 
was determined as previously described [7]. 

Analysis of red cell haemoglobin. 2595 red cell 
suspensions were incubated in Krebs-Ringer phos- 
phate buffer, with or without (a) glyceraldehyde 
апа (b) glyceraldehyde and 5 mM D-glucose, for 1 
h at 37°С. After the incubation, the red cells were 
collected by centrifugation and the resulting 0.25 
ml pellets were lysed by addition of 4 ml distilled 
water and vigorously stirred, and then 1 ml 100 
mM potassium phosphate (pH 7.4) was added. In 
the case of lysates prepared from red cells contain- 
ing carbonmonoxyhaemoglobin, lysates were 
futher incubated at 25°C with gentle shaking for 1 
h under air until the visible absorption band at 
571 nm reached a maximum - showing restoration 
of oxyhaemoglobin absorption band. The mem- 
brane fragments were sedimented by centrifuga- 
tion (10000 x g for 10 min), and the supernatant 
was diluted 10-fold in the cuvette for spectropho- 
tometric analysis. 

The percentage of oxyhaemoglobin, methae- 
moglobin, intact haemoglobin and non-intact 
haemoglobin in red cell lysates was determined by 
the measurement of changes in absorbance of the 
methaemoglobin 630 nm band, on addition of 0.5 
mM potassium cyanide and 0.5 mM potassium 
ferricyanide (a modification of the methods of 
Harley and Mauer [18]), as follows. (a) Oxyhae- 
moglobin — AAs with the addition of 0.5 mM 
potassium ferricyanide. (b) Methaemoglobin - 
AA, with the addition of 0.5 mM potassium 
cyanide. (c) Intact haemoglobin — addition of 0.5 
mM potassium ferricyanide; А 4:0 with the addi- 
tion of 0.5 mM potassium cyanide. Then per- 
centage intact haemoglobin = A A639 (1 = 60 min 
incubation)/Ac49 (і- 0 incubation) х 100. (d) 
Non-intact heamoglobin = 100 — % intact haemo- 
globin (check: intact haemoglobin = oxyhaemo- 
globin + methaemoglobin). 

Non-intact haemoglobin is defined here as 
haemoglobin which is oxidised to haemichromes 
other than methaemoglobin, so that it cannot be 
oxidised by ferricyanide to methaemoglobin or 
bind cyanide to form cyanomethaemoglobin. Phys- 
iologically, non-intact haemoglobin is irreversible 
haemichrome and may represent haemoglobin 


bound to the membrane fragments by processes 
resulting from the metabolism of glyceraldehyde. 

Enzymatic analysis for glycerol: The enzymatic 
analysis for glycerol production from bD- 
glyceraldehyde-treated red cells was performed as 
previously described by Beutler and Guinto [10]. 
However, the apparent glycerol production was 
found to occur in the absence of red cells (unpub- 
lished observations). As the apparent glycerol pro- 
duction was greater than the aldehyde consump- 
tion (measured by aldehyde dehydrogenase, see 
above), the ‘glycerol’ production may rather ap- 
pear to be due to isomerisation of D-glyceralde- 
hyde (not a substrate for glycerokinase) to dihy- 
droxyacetone/L-glyceraldehyde [19] which are 
substrates for glycerokinase [9] and, therefore, give 
an ‘apparent’ glycerol production. Since factors 
other than L-hexonate dehydrogenase appear to be 
involved in the glyceraldehyde-induced changes in 
the hexose monophosphate shunt in red cells (see 
below), glycerol production for glyceraldehyde- 
treated red cells was not pursued further. 


Results 


Glyceraldehyde content of supernatant from red cells 
incubated with glyceraldehyde 

The glyceraldehyde content of the extracellular 
fluid in 25% suspensions of red cells, incubated 
with 10 mM Dr-glyceraldehyde in Krebs-Ringer 
phosphate buffer at pH 7.4 and 37°C, is shown in 
Fig. 1. The rate of consumption of Dr-glyceralde- 
hyde due to autoxidation in Krebs-Ringer phos- 
. phate buffer at 37°C (curve a and corroborative 
oxygen consumption data, see below) was approx. 
0.7 umol/ml solution per В, whereas, the loss of 
DL-glyceraldehyde under the same conditions from 
а 25% suspension of red cells was considerably 
faster — approx. 5 pmol/ml 25% cell suspension 
per В (curve c). The rate of Dr-glyceraldehyde 
consumption by carbonmonoxyhaemoglobin-con- 
taining red cell suspensions (curve b) was signifi- 
cantly lower than in oxyhaemoglobin- and 
methaemoglobin-containing cell incubations 
(curves c and d). 
The oxidation of glucose via the hexose monophos- 
phate shunt 

The effect of Dr-glyceraldehyde on the flux of 
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Fig. 1. Glyceraldehyde content of supernatant from red cells 
incubated with pL-glyceraldehyde. Reaction mixtures all con- 
tain 10 mM рг-рјусегајдећуде іп Krebs-Ringer phosphate 
buffer (pH 7.4) at 37°С. Further additions were: (a) none 
(spontaneous autoxidation); (b) 25% (v/v) carbonmonoxy- 
haemoglobin-contaming red cells; (c) 25% oxyhaemoglobin- 
containing red cells, and (d) 25% methaemoglobin-contaming 
red cells. Incubations were carried out for 1 h at 37?C та 
shaking water bath. Data shown are the means + S.D. (within 
the size of the data point) of four determinations. 
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Fig. 2. The effect of glyceraldehyde on the flux of glucose 
oxidised by the HMS in red cells. The HMS was measured at 
РН 7.4 and 37°С in Krebs-Ringer phosphate buffer. Data 
given are the mean + S.D. of four determinations. О, oxyhae- 
moglobin-containing red cells; Ф, carbonmonoxyhaemoglobin- 
containing red cells; @, methaemoglobin-containing red cells 
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glucose oxidised via the HMS, in red cells, is 
shown in Fig. 2. Curves showing the stimulation 
and inhibition of the HMS in oxyhaemoglobin-, 
methaemoglobin- and carbonmonoxyhaemoglo- 
bin-containing cells treated with 0.1-50 mM DL- 
glyceraldehyde are given (the saline concentration 
in Krebs-Ringer phosphate buffer was decreased 
by 25 mM and 5 mM for incubations with 50 and 
10 mM pnr-glyceraldehyde, respectively). 

For pr-glyceraldehyde, there is a stimulation in 
the hexose monophosphate shunt in the concentra- 
tion range 0.1 to 10 mM. The stimulation is maxi- 
mised between 1 and 5 mM. The maximum stimu- 
lation observed (at 1 mM Dt-glyceraldehyde) was 
AHMS = +0.11 pmol glucose/ml cells per h. 
Above 10 mM pnr-glyceraldehyde, the flux through 
the HMS was decreased by increasing DL- 
glyceraldehyde concentrations, (AHMS = —0.07 
pmol glucose/ml cells per h with 50 mM 
glyceraldehyde). Carbonmonoxyhaemoglobin-con- 
taining cell suspensions and methaemoglobin-con- 
taining cell suspensions showed similar behaviour, 
except that for a given stimulation of the HMS, a 
slightly higher concentration of glyceraldehyde was 
required. For incubations with 0.5 and 1 mM 
glyceraldehyde, the relative order of HMS stimula- 
tion was: 


oxyhaemoglobin > carbonmonoxy- > methaemoglobin 
cells haemoglobin cells cells 


The control values for the HMS (pmol glucose/ml 
cells per h) in cell incubations with no added 
glyceraldehyde were: oxyhaemoglobin-containing 
cells, 0.17 + 0.02; methaemoglobin-containing 
cells, 0.23 + 0.03; and carbonmonoxyhaemoglo- 
bin-containing cells, 0.19 + 0.02. 
p-Glyceraldehyde gave a large stimulation in 
the HMS when added to red cells at 5 mM, but, as 
with DL-glyceraldehyde, inhibited the HMS when 
added to red cells at 50 mM (Table I) L- 
Glyceraldehyde inhibited the HMS at all con- 


centrations studied, though this effect was mini-^ 


mised at an L-glyceraldehyde concentration of 5 
mM and increased below and above this con- 
centration (Table I). These effects on the HMS by 
addition of D- and r-glyceraldehyde, relative to 
addition of DL-glyceraldehyde, to red cell suspen- 
sions were found in all three red cell systems 


studied (Table I). Statistical analysis (paired t-test) 
of the individual groups of data (four times D-, L- 
and DL-treated samples of blood) showed the fol- 
lowing order of HMS activity: 


p-glyceraldehyde > DL-glyceraldehyde > L-glyceraldehyde 
-treated cells -treated cells -treated cells 


with the HMS of r-glyceraldehyde-treated cells 
frequently exhibiting an inhibitory effect. 

The stimulation of the HMS in oxyhaemoglo- 
bin-containing red cells treated with 5 mM DL- 
glyceraldehyde was dependent on the supporting 
buffer medium: in Krebs-Ringer phosphate buffer, 
a stimulation was observed of AHMS, = + 0.094 
+ 0.030 (Table I); in Krebs-Ringer glycyl- 
glycylglycine buffer, АНМ5сс = +0.019 + 0.010 
pmol glucose/ml рег h. The ingibition of the 
HMS in oxyhaemoglobin-containing red cells 
treated with 50 mM pnr-glyceraldehyde was also 
dependent on the supporting buffer medium: 
AHMS, = —0.060 + 0.030 (Table I); АНМ5сс = 
— 0.010 + 0.11. 


The production of lactate and pyruvate by glycolysis 

Incubating red cells with 5 mM glucose in the 
extracellular fluid for 1 h, increases the concentra- 
tion of lactate and slightly decreases the con- 
centration of pyruvate in the red cell suspension 
(Table II). Addition of 10 mM pDL-glyceraldehyde 
to the red cell suspension decreases lactate produc- 
tion; further addition of Dr-glyceraldehyde (50 
mM) enforces the inhibitory effect on lactate pro- 
duction observed with 10 mM pnr-glyceraldehyde. 
However, addition of L-glyceraldehyde (10 mM) 
only, gave strong inhibition of lactate production 
and addition of D-glyceraldehyde (10 mM) only, 
increased lactate production in the cells suspen- 
sion. All isomers of glyceraldehyde at 10 mM 
slightly decreased pyruvate production in red cell 
suspensions. 


The oxidative status of haemoglobin 
The incubation of 2595 red cell suspensions with 
0.1-50 mM nr-glyceraldehyde for 1 В at 37°C in 


. Krebs-Ringer phosphate buffer produced rela- 


tively small amounts of methaemoglobin (less than 
5% of total haemoglobin) with rather more non-in- 
tact haemoglobin (up to 40% of total haemoglo- 
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THE STEREOISOMERIC DEPENDENCE OF THE GLYCERALDEHYDE-INDUCED CHANGES IN THE FLUX ОЕ GLU- 
COSE OXIDISED VIA THE HEXOSE MONOPHOSPHATE SHUNT IN RED CELLS 


Incubations were carried out as described іп Materials and Methods. Data reported аге the means + S.D. for four estimations. The 
level of significance was determined using a paired t-test; statistical comparisons were made between paired D- and L-, D- and DL- and 
DL- and L-incubations of the same cell type and glyceraldehyde concentration. All data pairings gave а positive significance test 


(p > 0.05) except where indicated by ?. 











Glyceraldehyde HMS (pmol glucose/ml packed cells per В) 
addition Oxyhaemoglobin- Methaemoglobin- Carbonmonoxyhaemoglobin- 
containing cells containing cells containing cells 
0.5 mM 
D- + 0.023 40.010 ° + 0.067 +0.015 + 0.011 3: 0.040 
DL- + 0.061 + 0.025 ° +0.009 + 0.010 +0.029 + 0.020 
L- — 0.003 + 0.020 * — 0.021 + 0.030 — 0.045 + 0.030 
5.0 тм 
р- + 0.699 + 0.025 +0.906 + 0 200 +0.881 + 0.100 
DL- + 0.094 + 0.030 +0.082 + 0.035 * +0.110 + 0.050 * 
L- — 0.099 +0.020 + 0.062 + 0.020 * +0.010 + 0.040 * 
50 mM 
D- — 0.033 + 0.010 — 0.040 + 0.020 + 0.082 + 0.040 
DL- — 0.069 + 0.030 —0.111 + 0.030 — 0.059 + 0.040 
L- — 0.134 + 0.020 + 0.142 40.050 — 0.089 + 0.030 





bin) (Fig. 3). With 5 mM p-glucose in the ex- 
tracellular medium during the incubation, these 
changes in the oxidative status of haemoglobin 
were suppressed in such a way that only in the 
incubation with 50 mM pr-glyceraldehyde was a 


TABLE H 


THE EFFECT OF GLYCERALDEHYDE ON LACTATE 
AND PYRUVATE PRODUCTION BY RED CELLS 


Lactate and pyruvate were measured іп 25% (v/v) suspensions 
before and after incubation for 1 h in Krebs-Ringer phosphate 
buffer at pH 7.4 and 37°С. Data reported are the means t S.D. 
of four independent experiments. 


Glyceraldehyde Lactate production Pyruvate production 


addition (вто red (#mol/ml red 
cells per h) cells per h) 
None (control) 3.05 +0.10 0.11+0.04 
10 mM рг- 2.34 +0.24 0.01 +0.02 
50 mM DL- 0.86 +0.14 — 0.02 + 0.02 * 
10 mM p- 4.34 + 0.28 — 0.01 +0.01 * 
10 mM L- 18640 34 0.00 + 0.02 





а Indicates that the pyruvate concentration was reduced below 
the initial, t = 0, value (0.01 +0.01 pmol per ml red cells), 





change observed in the oxidative state of cellular 
haemoglobin. Incubation with p-glyceraldehyde 
gave a greater change in the oxidative status of 
haemoglobin than did an equivalent incubation 
with Dpr-glyceraldehyde. Incubations with L- 
glyceraldehyde gave changes in the oxidative status 
of haemoglobin smaller (for 0.5 mM glyceralde- 
hyde) or similar to (for 5 and 50 mM glyceralde- 
hyde) than those occurring with an equivalent 
incubation with DL-glyceraldehyde. 

Incubations of glyceraldehyde with methae- 

moglobin-containing cells (Fig. 4A) produced 
non-intact haemoglobin. DL-, D- and L-glyceralde- 
hyde produced similar amounts of non-intact 
haemoglobin. Addition of 5 mM D-glucose to the 
extracellular medium also had little effect on the 
methaemoglobin conversion to non-intact haemo- 
globin. 
. Incubations of glyceraldehyde with carbonmon- 
oxyhaemoglobin-containing cells (Fig. 4B) pro- 
duced small amounts of non-intact haemoglobin 
(up to only 3% of total haemoglobin with 50 mM 
DL-glyceraldehyde). D- and L-glyceraldehyde in- 
cubations gave a similar effect. 
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Fig. 3. The effect of glyceraldehyde on the oxidative status of 
haemoglobin in oxyhaemoglobin-containing red cells. Incuba- 
tions contained the given glyceraldehyde concentration and 
25% (v/v) oxyhaemoglobin-contammg red cells in Krebs-Ringer 
phosphate buffer at pH 7.4 and 37°C. Тһе cell suspensions 
were incubated for 1 h and then analysed for haemoglobin 
derivatives. Data are the means + S.D. (within the data point) 
of four determinations. ©, red cells + DL-glyceraldehyde; ®, red 
cells + pL.-glyceraldehyde--5 mM glucose; €, red cells+1- 
glyceraldehyde; Ф, red cells — p-glyceraldehyde. 


The effect of glyceraldehyde on the levels of reduced 
and oxidised pyridine nucleotides and glutathione in 
the red cell 

The cellular levels of reduced and oxidised 
pyridine nucleotides: NADH, NADPH, NAD* 
and МАРР“ are given in Table Ш. With 10 mM 
pi-glyceraldehyde, the concentrations of NADH 
and NADPH are decreased and concentrations of 
МАР“ and МАРР“ are increased. It appears that 
cellular concentrations of NADH and particularly 
NADPH аге decreased by treatmenz with 
glyceraldehyde, probably by co-autoxidation with 
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Fig. 4. The effect of glyceraldehyde on the oxidative status of 
haemoglobin in methaemoglonin- (A) and carbonmonoxyhae- 
moglobin-containing (B) red cells. Incubation conditions, data 
analysis and key as for Fig. 3. 
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Fig. 5. The effect of pi-glyceraldehyde on reduced glutathione 
levels іп red cells. Incubations contain 25% (v/v) oxyhae- 
moglobin-containing red cells in Krebs-Ringer phosphate buffer 
at pH 7.4 and 37?C. Further additions were: none (control, 9), 
10 mM nr-glyceraldehyde (а) or 50 mM pr-glyceraldehyde (b). 
Data are the means + S.D. (within the data point) of 4 de- 
terminations. 


TABLE Ш 


317 


GLYCERALDEHYDE-INDUCED CHANGES IN RED CELL CONCENTRATIONS OF REDUCED AND OXIDISED 


PYRIDINE NUCLEOTIDES AND GLUTATHIONE 


Reduced and oxidised pyridine nucleotides (nmol/ml packed red cells) and glutathione (p M) were determined. Data presented аге 
the mean +S.D. of four determinations. The leakage of GSSG from the red cells was approx. 1 pM (control cells) and 6 uM 


(glyceraldehyde-treated cells). г, incubation time. 





Addition Concentration 
[NAD*] 

None 14.9+0.3 

10 mM pr-glyceraldehyde 16.2 +0.3 
[GSH] 
:=0 

Мопе 2900 + 50 

10 mM pr-glyceraldehyde 2900--50 


[МАРН] 


42304 
31302 








[МАОР* 1 [NADPH] 
3.3 +0.3 6.9 +0.3 
8.1402 0.4+0.1 
[GSSG] 
t = 60 min t=0 t= 60 min 
2720 + 50 28 +6 53416 
1080 + 50 2915 203 + 59 











glyceraldehyde autoxidation (cf., glyceraldehyde- 
induced oxidation of oxyhaemoglobin [8]). A simi- 
lar effect was observed in the reaction of DL- 


TABLE IV 


THE REACTION OF pi-GLYCERALDEHYDE WITH 
PYRIDINE NUCLEOTIDES IN KREBS-RINGER PHOS- 
PHATE BUFFER UNDER PHYSIOLOGICAL CONDI- 
TIONS 


All incubations initially contain 20 aM pyridine nucleotide + 10 
mM рг-рјусегајдећуде in Krebs-Ringer phosphate buffer at 
pH 7.4 and 37°C. Samples were incubated for 1 h and analysed 
enzymatically for pyridine nucleotide at г = 0 and г = 60 min. 
Data (pM) presented were calculated as follows: ANAD(P)H 
= NAD(P)H, o ~ NAD(P)H, „со, ANAD(P)* = NAD(P)/ 60 
—МАРКР)2. у; non-intact = ANAD(P)H - ANAD(P)* 


Initial Nucleotide Control +10 mM 
nucleotide analysis glyceraldehyde 
NADH ANADH 10x03 3.1404 
ANAD* 0.7 4:0.5 17:04 
non-intact 0.3 + 0.8 1.4+0.8 
NADPH ANADPH 15.2 +0.6 18.2+0.6 
ANADP* 8.8 +-0.6 10.44: 0.6 
non-intact 6.4::1.2 7.8 +1.2 
NAD* ANAD* 0.3 0.2 0.9+0.2 ° 
non-intact 0.3::03 0.9 4:0.3 
NADP* ANADP* 0.0+0.1 11+0.6 * 
non-intact 0.00.4 1.1+0.9 


* Мо поп-епгутайс reduction of NAD(P)* by pr-glyceral- 
dehyde was observed 





glyceraldehyde with pyridine nucleotides іп 
Krebs-Ringer phosphate buffer at 37°C (Table 
IV). Dpr-Glyceraldehyde oxidises NADH and 
NADPH to from МАР“ and МАРР“, respec- 
tively, with some enzymatically inactive (non-in- 
tact) pyridine nucleotide formation. Dr-Glycer- 
aldehyde also reacts with NAD* and NADP* to 
produce small amounts of non-intact pyridine 
nucleotide (TAble IV). (Non-intact pyridine 
nucleotide refers to a pyridine nucleotide metabo- 
lite other than NAD(P)* and NAD(P)H.) 

Red cells treated with 10 and 50 mM DL- 
glyceraldehyde undergo a rapid depletion in cellu- 
lar levels of reduced glutathione (Fig. 5, curves a 
and b, and Table IV). The rate of depletion of 
GSH is not significantly decreased by addition of 
5 mM glucose in the external medium (data not 
shown). The production of GSSG under the same 
conditions was much lower than expected for the 
oxidation of GSH to its oxidised со-репег GSSG 
(Table IV). The large decrease in GSH in excess of 
that expected by the concomitant production of 
GSSG (approx. 1.5 mM after 1 h with 10 mM 
DL-glyceraldehyde) suggests that GSH is forming 
an adduct with pr-glyceraldehyde (e.g., thiohemi- 
acetal [20]). 

GSSG was measured in the supernatant of red 
cell suspensions sedimented after incubation with 
glyceraldehyde. The GSSG concentration found 
was approx. 2 uM, i.e., equivalent to a leakage of 6 
ВМ from the red cells, or 12 u M GSH lost from 
the cells per h. 
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TABLE V 


THE EFFECT OF GLYCERALDEHYDE ON THE CONCENTRATIONS OF THE TRIOSE POOL OF GLYCOLYTIC 


INTERMEDIATES IN THE RED CELL 


25% (v/v) red cell suspensions were incubated in krebs-Ringer phosphate buffer (pH 7.4) for 1 h at 37°C, with and without 
glyceraldehyde and glucose. The cell suspensions were analysed for triose pool intermediates. Concentrations are expressed as 
nmol/ml packed cells. Data shown are the mean + S.D. of four independent determinations [Triose pool] = [GAP]+[DHAP]+ 2-[F- 
1,6-ВР]; GAP, glyceraldehyde 3-phosphate, F-1,6-BP, fructose 1,6-bisphosphate; ОНАР, dihydroxy acetone phosphate 


Additions t (min) [САР] 
Мопе 0 - 
5 mM glucose 60 4+1 
10 mM pr-glyceraldehyde 

+5 mM glucose 60 3+1 
10 mM r-glyceraldehyde 

+5 mM glucose 60 - 
10 mM p-glyceraldehyde 

+5 mM glucose 60 2236 


[DHAP] [F-1,6-BP] [Тпоѕе pool] ' 
10+ 3 2+1 14+ 5 
117424 46-12 213+49 
76+10 27+ 8 133+27 

6+ 1 34 1 12+ 3 
212411 125+19 484+ 66 





Levels о} glyceraldehyde 3-phosphate, dihydroxyacet- 
one phosphate and fructose 1,6-bisphosphate in 
glyceraldehyde-treated red cells 

Table V shows the effect of glyceraldehyde on 


TABLE VI 


the production of glycolytic intermediates of the 
triose pool (glyceraldehyde 3-phosphate), dihy- 
droxyacetone phosphate and fructose 1,6-bis- 
phosphate in red cell suspensions incubated at 


a-KETOALDEHYDE PRODUCTION FROM AUTOXIDISING pit-GLYCERALDEHYDE AND FROM npr-GLYCERALDE- 


HYDE-TREATED RED CELLS 


Oxygen uptake and glyoxalase I- and II-reactive materials were measured. n.d., none detected; 7, incubation time. 











Glyceraldehyde autoxidation Rate of oxygen uptake Glyoxalase- 
(uM/h) reactive material 
(имл) 
10 mM DL-glyceraldehyde in 
Krebs-Ringer phosphate buffer at 
РН 7.4 and 37°С 54412 5442 
10 mM DL-glyceraldehyde in 
Krebs-Ringer glycylglycine buffer at 
pH 7.4 and 37°C 14+ 6 9+2 
Glyceraldehyde-treated red cells Glyoxalase I- Glyoxalase II- 
reactive material * (uM) reactive material ° (uM) 
:=0 t = 60 min t-0 t= 60 min 
25% (v/v) red cell suspension 
with 10 mM nr-glyceraldehyde 
in Krebs-Ringer phosphate buffer at 
pH 7.4 and 37°С. n.d. 18+5 n.d i 15149 
25% red cell suspension with 
10 mM nr-glyceraldehyde 1n Krebs 
Ringer glycylglycine buffer at 
pH 7.4 and 37? C. n.d. n.d. n.d. 22+5 


в There was no detectable formation of glyoxalase-reactive material from control red cell suspension (without glyceraldehyde). 


379С with 5 mM glucose. Red сей suspensions 
incubated for 1 h with 10 mM nr-glyceraldehyde 
gave a 38% decrease in production of the triose 
pool glycolytic intermediates relative to control 
incubations in the absence of glyceraldehyde. In- 
cubations of red cells with 10 mM p-glyceralde- 
hyde under the same conditions, however, showed 
a greatly enhanced production of all the compo- 
nents of the triose pool (the triose pool overall is 
up 127%), whereas the production of triose pool 
glycolytic intermediates was severely inhibited by 
the incubation of red cells with 10 mM L- 
glyceraldehyde (the triose pool is decreased by 
94% of the control value, Table V). 


The production and detoxification of glyoxalase-re- 
active material in glyceraldehyde-treated red cells 

The autoxidation of DL-glyceraldehyde, cata- 
lysed by buffer ions, produces hydroxypyruvalde- 
hyde [7,8]. Table VI shows glyoxalase I- and П-ас- 
tive products formed from DL-glyceraldehyde in 
Krebs-Ringer phosphate and glycylglycine buffers 
in 37?C in the absence and presence of red cells. 
Glyoxalase I- and П-асйуе products from the au- 
toxidation of pr-glyceraldehyde were detected for 
incubations of DL-glyceraldehyde in Krebs-Ringer 
phosphate and glycylglycine buffers at pH 7.4 and 
37°C, A previous report [7] has shown this prod- 
uct to be hydroxypyruvaldehyde. Less hydroxy- 
pyruvaldehyde production occurs in Krebs-Ringer 
glycylglycine buffer than in Krebs-Ringer phos- 
phate buffer, reflecting the lower rate of autoxida- 
tion of glyceraldehyde in the former buffer system 
(see below). Red cells treated with 10 mM DL- 
glyceraldehyde, appear to accumulate glyoxalase- 
reactive material, particularly as the S-glutathione 
adducts (which are substrates of glyoxalase II) 
(Table VI). 


Oxygen consumption by autoxidising glyceraldehyde 
in Krebs-Ringer buffer systems 

Table VI shows the observed initial rates of 
oxygen consumption by autoxidising DL-glycer- 
aldehyde in Krebs-Ringer phosphate and glycyl- 
glycine buffers at 37°С and pH 7.4. The rate of 
oxygen consumption by 10 mM pr-glyceraldehyde 
in Krebs-Ringer phosphate buffer is approx. 4- 
times the rate observed for the same autoxidising 
system in Krebs-Ringer glycylglycine buffer. This 
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is consistent with the previously reported [7] rela- 


tively high efficiency with which phosphate buffer 


catalyses the autoxidation of DpL-glyceraldehyde. 
The products of glyceraldehyde autoxidation, hy- 
drogen peroxide and hydroxypyruvaldehyde [7], 
are therefore expected to be formed in DL- 
glyceraldehyde-treated red cell suspensions. In- 
deed, the production of glyoxalase-reactive 
material closely parallels oxygen consumption in 
the two Krebs-Ringer buffer systems used (Table 
УІ). 


Discussion 


The utilisation of glyceraldehyde-treated red cells 
Glyceraldehyde-treated red cells were initially 
studied with respect to the possibility that 
glyceraldehyde might aid the maintenance of 2,3- 
bisphosphoglycerate levels in red cell storage. 20 
mM glyceraldehyde did not aid maintenance of 
cellular levels of 2,3-bisphosphoglycerate and ap- 
peared to produce red cell damage [9]. Concur- 
rently, Beutler and Guinto [9,10] reported two 
enzyme activities, utilising glyceraldehyde as a 
substrate, in the red cell: (i) triokinase [9], and (ii) 
L-hexonate dehydrogenase [10]. Current interest in 
glyceraldehyde-treated and red cells lies in the 
following. (3) The in vitro anti-sickling properties 
of relatively high concentrations (5-20 mM) of 
pnri-glyceraldehyde. The antisickling activity ap- 
pears to be a result of glyceraldehyde-sickle 
haemoglobin (HbS) adduct formation [2-6]. (ii) 
The use of the red cell as a model for studying the 
coupling of NADPH-dependent sugar alcohol for- 
mation from monosaccharides via the polyol path- 
way, with aldose reductase [21]. The polyol path- 
way is thought to be an important step in the 
manifestation of chronic diabetic pathogenesis [22]. 


The effects of glyceraldehyde on red cell metabolism 


The stimulation and inhibition of the HMS 

The HMS in red cells was stimulated by low 
concentrations of DL-glyceraldehyde (less than 10 
mM) but inhibited at higher concentrations (more 
than 10 mM). The HMS may be stimulated by the 
oxidation of NADPH to NADP* and the oxida- 
tion of GSH to GSSG. 

The oxidation of NADPH may be induced by 
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the direct reaction of NADPH with xenobiotic 
agents (e.g, Methylene blue and primaquine) 
[23,24], by NADPH-dependent dehydrogenases 
(e.g., glutathione reductase and aldose reductase) 
[21,25] and by monenzymatic and enzymatic trans- 
hydrogenation with МАЮ“ [26,27]. 

"The oxidation of GSH may be induced by the 
direct reaction of GSH with oxidising species (e.g., 
free radical intermediates and oxidised ascorbate) 
[28,29], and by glutathione-dependent enzymes 
(e.g., glutathione peroxidase іп the detoxication of 
hydrogen peroxide and organic hydroperoxides) 
[30,31]. 

The major factors operating in the stimulation 
of the HMS on red cells incubated with 
glyceraldehyde appear to be: (i) the non-enzymatic 
direct oxidation of NADPH by autoxidising 
glyceraldehyde (Table IV); and (ii) The relatively 
small amount of GSSG formed which may result 
from the action of glutathione peroxidase on low 
levels of hydrogen peroxide produced by 
glyceraldehyde autoxidation and the reaction of 
glyceraldehyde with oxyhaemoglobin [8]. 

The stimulation of the HMS by glyceraldehyde 
was decreased іп Krebs-Ringer glycylglycine buffer 
compared to that in Krebs-Ringer phosphate 
buffer. That oxidative metabolism stimulated by 
glyceraldehyde shows this buffer ion dependence 
correlates with the rates of glyceraldehyde autox- 
idation in Krebs-Ringer phosphate and glycyl- 
glycine buffers (Table VI). This suggests that the 
oxidative metabolism induced by glyceraldehyde 
in red cells is related to the autoxidation of 
glyceraldehyde, rather than due to a depletion of 
NADPH by the polyol pathway (aldose reductase) 
— see below. 

Factors involved in the inhibition of the HMS 
in red cells treated with glyceraldehyde are less 
clear. However, the observation that L-glyceralde- 
hyde at 0.5 and 5 mM is a potent inhibitor of the 
HMS in all three cell types, compared to stimula- 
tion of the HMS by p-glyceraldehyde, suggests 
some stereospecific requirement for the inhibition 
of the HMS. L-Glyceraldehyde may combine with 
dihydroxyacetone phosphate to form sorbose 1- 
phosphate, which is a competitive inhibitor of 
hexokinase [32]. Both anaerobic and aerobic gly- 
colysis was inhibited by L-glyceraldehyde, suggest- 
ing that the indirect inhibition of hexokinase by 


L-glyceraldehyde is consistent with the decreased 
capacity of L-glyceraldehyde-treated red cells to 
undergo glycolysis. The inhibition of hexokinase 
activity by L-glyceraldehyde could not be conclu- 
sively demonstrated directly, however, as the puta- 
tive sorbose l-phosphate is diluted in the 
haemolysate for the hexokinase assay procedure. 
For red cells treated with 50 mM glyceralde- 
hyde, all stereoisomer forms - D-, L- and DL- 
glyceraldehyde — inhibit the HMS, except for р- 
glyceraldehyde in carbonmonoxyhaemoglobin- 
containing cells (Table I). The gradation of inhibi- 
tory effect is: 
L-glyceraldehyde > DL-glyceraldehyde > p-glyceraldehyde 


Carbonmonoxyhaemoglobin-containing cell in- 
cubations also appear to exhibit generally-a weaker 
inhibitory effect by the different isomers of 
glyceraldehyde than do oxyhaemoglobin- and 
methaemoglobin-containing cell systems. This in- 
hibition of the HMS general to stereoisomeric 
forms may be due to the stereoisomerisation of 
sufficient L-glyceraldehyde from p-glyceraldehyde, 
during the incubation, to inhibit hexokinase. The 
effect of carbomonoxyhaemoglobin implies that 
the reaction of glyceraldehyde with the haem 
groups in haemoglobin [8] makes a minor contri- 
bution to inhibition of the HMS. 

In principle, the inhibition of glucose-6-phos- 
phate dehydrogenase, glutathione reductase and 
glutathione peroxidase, or the removal of the 
oxidised cogeners, NADP* and GSSG, from the 
cell, may inhibit the HMS. Reduced glutathione 
was severely depleted in red cells treated with 50 
mM pt-glyceraldehyde after only 30 min incuba- 
tion time, which, for the most part, was without 
the concomitant production of GSSG. This may 
also contribute to the inhibition of the HMS by 50 
mM glyceraldehyde. 


The stimulation and inhibition of lactate and 
pyruvate production from glycolysis 

Red cells with glucose (5 mM) added in the 
extracellular medium, and treated with р- 
glyceraldehyde (10 mM) show enhanced lactate 
production and decreased pyruvate production 
over incubation for 1 h at 37°C in Krebs-Ringer 
phosphate buffer (pH 7.4). Addition of 10 mM 
pL-glyceraldehyde and r-glyceraldehyde were 


found to slightly decrease pyruvate production, 
but ајзо ќо inhibit lactate production under the 
same conditions. This suggests D-glyceraldehyde is 
entering into the lower stages of glycolysis, whereas 
the L-isomer is inhibiting glycolysis, probably by 
the inhibition of hexokinase, as: discussed above 
for the HMS. The phosphorylation of р- 
glyceraldehyde by triokinase was consistent with 
the enhanced (позе pool of ‘glycolytic inter- 
mediates (glyceraldehyde 3-phosphate + dihyd- 
roxyacetone phosphate + 2 X fructose 1,6-bisphos- 
phate) found in p-glyceraldehyde-treated red cells. 


Consequences of glyceraldehyde autoxidation 

The autoxidation of glyceraldehyde has been 
shown [7] to produce hydroxypyruvaldehyde and 
hydrogen peroxide with the formation of 1-hy- 
droxylalkyl-free radicals at РН 7.4. This rate of 
oxygen consumption and production of glyoxal- 
ase-reactive material by 10 mM pr-glyceraldehyde 
in Krebs-Ringer phosphate buffer at 37°С was 
shown to be approx. 6-times faster than the rate of 
oxygen consumption by Dr-glyceraldehyde іп 
Krebs-Ringer glycylglycine buffer. This was ex- 
pected because of the previously reported relative 
efficiencies by which phosphate and amine buffers 
catalyse the autoxidation of monosaccharides [7]. 

The stimulation of the HMS and the produc- 
tion of glyoxalase I- and ILactive material in 
DL-glyceraldehyde-treated red cells were all de- 

"creased in glycylglycine relative to phosphate- 
buffered systems. This may indicate that the au- 
toxidation of glyceraldehyde is an important con- 
tributory factor in mediating the stimulation of the 
HMS, particularly via the detoxication of hydro- 
gen peroxide (produced in the autoxidation pro- 
cess) and the production of NADP* (which is 
produced from NADPH by autoxidising DL- 
glyceraldehyde). 

Hydroxypyruvaldehyde production in red cells 
may be quenched by the red cell glyoxalase system 
[33], although high concentrations of hydroxy- 
pyruvaldehyde have been shown to inhibit glyoxal- 
ase I [24]. The accumulation of glyoxalase II sub- 
strate in red cells treated with DL-glyceraldehyde 
may indicate that the detoxication of a-ketoal- 
dehydes by the glyoxalase system in the red cell is 
rate-limited by the glyoxalase II step. This is par- 
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ticularly pertinent to the changes in red cell shape 
in reported cases of glyoxalase П deficiency [35]. 


Sites of interaction between glyceraldehyde and 
red cells. 

The sites of glyceraldehyde metabolism have 
been followed in this work. However, the adduct 
formation of glyceraldehyde with the globin of 
haemoglobin is also a major fate of glyceraldehyde 
in red cells. From the work of Manning and 
co-workers [3-6], it can be deduced that for an 
incubation of 25% red cell suspension with 10 mM 
glyceraldehyde for 1 h at 37°C approx. 2.5-5 mM 
glyceraldehyde is expected to be complexed on the 
protein of haemoglobin (membrane proteins may 
also have small amounts of glyceraldehyde ad- 
ducts). 

For a standard incubation of 1 ml of 10 mM 
DL-glyceraldehyde with a 25% red cell suspension 
is Krebs-Ringer phosphate buffer (pH 7.4), the 
major sites of glyceraldehyde metabolism in the 
first hour of incubation at 37°C appear to be: (i) 
adduct formation with reduced glutathione, ap- 
prox. 0.5 што! (2 pmol/ml packed cells); (ii) 
phosphorylation of p-glyceraldehyde by triokinase 
and entry into the triose pool, approx. 30 nmol 
(121 nmol/ml packed cells); (iii) Autoxidation of 
glyceraldehyde [7], 54 nmol; (iv) The oxidation of 
oxyhaemoglobin to non-intact haemoglobin [8], 
approx. 0.9 pmol glyceraldehyde (assuming one 
haem group reacts with one glyceraldehyde mole- 
cule for the conversion of non-intact haemoglobin). 

This accounts for approx. 1.5 umol glyceralde- 
hyde when approx. 5 pmol glyceraldehyde con- 
sumption was observed. The remainder may be 
accounted for by protein adducts with glyceralde- 
hyde (3.5 y moles) as observed by Nigen and Man- 
ning [3]. 

The stimulation of the HMS in red cells treated 
with p-glyceraldehyde has previously been attri- 
buted to L-hexonate dehydrogenase activity, utilis- 
ing NADPH to reduce glyceraldehyde to glycerol 
[10]. The glycerol-assay procedure employed in- 
volved a coupled enzymatic assay system with 
glycerokinase. It should be noted that at 37?C in 
phosphate buffer, p-glyceraldehyde isomerises to 
dihydroxyacetone and L-glyceraldehyde, which, 
unlike p-glyceraldehyde but like glycerol, are sub- 
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strates for glycerokinase [9]. This isomerisation of 
D-glyceraldehyde would therefore give misleading 
results of glycerol production. 

In this report, we have described other processes 
(glyceraldehyde autoxidation) which appear to be 
instrumental in the stimulation of the HMS and 
non-enzymatic oxidation of NADPH. L-Hexonate 
dehydrogenase activity response in red cells [10] 
appears to play a minor role in red cell metabo- 
lism of glyceraldehyde. 


Implications for the utilisation of glyceraldehyde- 
treated red cells in anti-sickling and polyol-pathway 
research. 

In vitro anti-sickling effects of glyceraldehyde. 
Red cell metabolism appears to withstand the high 
concentrations (10-20 mM) of pr-glyceraldehyde 
necessary to give a beneficial rate of non-en- 
zymatic glyceraldhyde-HbS adduct formation, and 
prevent sickling. The red cell, however, 15 severely 
depleted of reduced glutathione and NADPH: the 
HMS, initially stimulated іп response to 
glyceraldehyde autoxidation, is passified and in- 
hibited, and the triose pool of glycolytic inter- 
mediates is enhanced by phosphorylation of p- 
glyceraldehyde (catalysed by triokinase), but 
lactate production is decreased. All these features 
appear not to have an acute effect on the con- 
tinued existence of the red cell; although with little 
GSH, thiol groups in red cell proteins would be 
expected to be irreversibly oxidised, there being no 
GSH-dependent repair mechanism operating [36]. 

Glycerol production from glyceraldehyde in red 
cells — the polyol pathway. At present, there has 
been no purification of aldose reductase from the 
red cell, although aldose reductase-like activity 
exists [11,21]. Glycerol production from р- 
glyceraldehyde, reported by Beutler and Guinto 
[10], is cited [37] as evidence for the red cell polyol 
pathway. The oxidative effects of glyceraldehyde 
autoxidation, as expressed in oxidative metabolism 
of the red cell, imply that no strict coupling of 
NADPH oxidation to glycerol production exists in 
glyceraldehyde-treated red cells. The interferences 
in the glycerol assay, delineated above, suggest 
that the relevance of the polyol pathway to 


glyceraldehyde metabolism in red cells must be | 
reserved until ап improved method of glycerol ' 


detection in red cells is devised. 


The oxidative metabolism of glyceraldehyde: what 
relevance physiologically? 

An important feature of glyceraldehyde-treated 
red cells is the accumulation of glyoxalase-reactive 
material. This observation was made in spite of an 
active glyoxalase system detoxifying a-ketoal- 
dehydes during the incubation. a-Ketoaldehydes 
are known to crosslink proteins [1], and such ef- 
fects on red cell membrane proteins would reduce 
the cell deformability and decrease the lifetime of 
the red cell in the circulation. This may be of 
importance if DL-glyceraldehyde is to be used as 
an in vivo anti-sickling agent. Moreover low levels 
of hydroxypyruvaldehyde 3-phosphate has been 
detected in red cells [17]. This may be produced by 
the autoxidation of hydroxyacetone phosphate or 
glyceraldehyde 3-phosphate, under physiological 
conditions [7]. 

The observation that monosaccharide autoxida- 
tion is stimulated by phosphate-buffered systems 
(Refs. 8 and 9 and this work) may prompt concern 
towards the relevance of this work to the in vivo 
setting. In defence of monosaccharide autoxida- 
tion, the following points should be noted. (i) The 
mean plasma inorganic phosphate concentration is 
approx. 4 mM (cf. 16.5 mM in the Krebs-Ringer 
phosphate buffer) [38]. (и) It now appears that 
amine buffers and metal ion chelators (e.g., Tris, 
glycylglycine and diethylenetriaminepentaacetic 
acid) form adducts with the ene-diol of 
glyceraldehyde (an intermediate in the autoxida- 
tion reaction [8]) and with hydroxypyruvaldehyde 
(the a-ketoaldehyde product from glyceraldehyde 
autoxidation) [39-41]. The decreased production 
of glyoxalase-reactive material іп Krebs-Ringer 
glycylglycine now appears to be due to the quench- 
ing of intermediates and products of glyceralde- 
hyde autoxidation by the glycylglycine buffer 
(Thornalley and Stern, unpublished observation). 

It is not clear if the rates of monosaccharide 
autoxidation and production of glyoxalase-reactive 
material observed in these in vitro experiments 
give a reasonable reflection of the rate of mono- 
saccharide autoxidation/a-ketoaldehyde produc- 
tion in vivo. Yet, in our previous studies (8,9], no 
effective inhibitor of monosaccharide autoxidation 
was found; catalase proved most effective. The 
effects of monosaccharide autoxidation on cellular 
systems is, however, expected to be chronic rather 


than acute; if only because, under normal condi- 
tions, the resident concentrations of monosac- 
charides, which autoxidise relatively rapidly, are 
very low (e.g, triose phosphates) Rather, the 
monosaccharide stores in the cell are in the form 
of hexoses which autoxidise relatively slowly [8]. 
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!H-nuclear magnetic resonance spectroscopy (NMR) was adapted to isolated rabbit fundic glands and 
identification made of compounds responsible for several observed spectral resonances. А minimum gland 
concentration of 0.5 mg dry weight or 5 mg wet weight per 0.5 ml was needed for adequate signal-to-noise 
ratio. At physiological temperature and pH, the glands demonstrated reproducible spectra, stability for 
accumulation times greater than 30 min and responsiveness to histamine stimulation, as measured by oxygen 
consumption and aminopyrine uptake. The relatively anaerobic conditions favored use of proton compared to 
phosphorus NMR, since 'H-NMR allowed significantly shorter spectral accumulation times and therefore 
did not compromise glandular viability to the same extent as 3 P-NMR. The most conspicuous resonance in 
the gland spectrum was assigned to the -N*(CH,), protons of choline and related compounds. In 
membrane-free lysates, several components of the signal were resolvable and assigned to choline, phosphatid- 
ylcholine, phosphocholine and L-a-glycerophosphocholine. Thin-layer chromatography verified that phos- 
phatidylcholine and phosphatidylethanolamine were the major phospholipids present in gland lipid. Presum- 
ably, they represent the source of the surface-active phospholipids present in gastric juice, which may play a 
role in gastric cytoprotection. 


Introduction 


Previously, studies with phosphorus (ИР) or 
proton (ІН) NMR have not been applied to gastric 
tissue, Isolated gastric glands are useful to study 
the biochemical and secretory responses of the 
mammalian parietal cell to pharmacologic agents 
and hormones. Compared with isolated canine 
parietal cells or glands [1], rabbit glands have the 
advantages that they are more responsive to the 
secretagogue histamine, are more representative of 
an intact system and are relatively viable over 180 
min. 


* То whom correspondence and reprint requests should be 


addressed. 
Abbreviation: Hepes, 4-(2-hydroxyethyl)-1-piperazineethane- 
sulfonic acid. 
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We show that 'H-NMR is easily applicable to 
isolated fundic glands and could be used in the 
future to study, noninvasively, metabolic responses 
in unstimulated and stimulated gastric tissue. This 
preparation holds great promise as an NMR model 
system because it may be easily prepared in quan- 
tities sufficient to permit simultaneous biochemi- 
cal and physiological measurements. 


Materials and Methods 


Chemicals and reagents. Histamine acid phos- 
phate was obtained from David Bull Laboratories, 
Melbourne, Victoria. All chemicals were the highest 
grade available. 

Gastric gland preparation. Isolated fundic glands 
were obtained using the method of Berglindh and 


co-workers [2,3]. Rabbits of the New Zealand 
White strain, weighing approx. 3 kg, were used. 
Urethane (30%) was the anesthetic given via an ear 
vein (to a maximum of 5 ml/kg). The gland pre- 
paration contained by volume approx. 40% each of 
chief cells and parietal cells [1,3]. 

Briefly, the technique involves high-pressure 
perfusion of the stomach with an oxygenated 
phosphate-buffered saline, stripping and mincing 
of the mucosa, and subsequent collagenase diges- 
ton (0.1% collagenase, type IV, Worthington 
Chemical) at 37? C for 45 min [1]. The glands were 
then suspended. in a respiratory medium, and 
washed three times. The respiratory incubation 
medium was gassed with 95% О,/5% СО, and 
contained, in mM: NaCl, 133; КСЕ 5.4; Ма, HPO,, 
5.0; NaH;PO,, 0.88; MgSO,, 1.2; CaCl,, 1.0; 
glucose, 11; and rabbit albumin, 2.0 mg/ml. At 
the end of the last washing, the settled glands were 
diluted at a ratio of 10 ml of respiratory medium 
for each 1 ml af glands. This yielded 10—15 mg 
wet wt. glands/1 ml respiratory medium. In some 
experiments glands were prepared in ?H ,O-based 
media or glucose-free media before acquisition of 
NMR spectra. The glands were transferred to 
centrifuge tubes, top-gassed with 95% О,/5% СО», 
and allowed to stand at room temperature (ap- 
prox. 25°C) or in an ice/water mixture (10°C) 
for 20 min before spectral acquisition, where they 
became loosely packed with a cytocrit of about 
15% and a uniform dry weight of 10 + 3 mg (n= 
12). In order to prevent cell damage, centrifuga- 
tion was not used. 

Gland lysates were prepared by freezing and 
thawing fresh cells three or four times, using liquid 
nitrogen or dry ice/ethanol Each lysate was 
centrifuged at 14000 x g (Sorvall SA600 rotor in a 
RCSB centrifuge at 4? C), and the supernatant was 
removed and then stored frozen until required. 
Samples obtained from 'H,O-washed cells were 
subsequently freeze-dried, then reconstituted in 
2Н,О to 1/5-1/3 of the original volume. The 
consequently higher glucose and albumin levels 
were avoided by washing the cells with low glucose 
(3 mM) and albumin-free medium. 

? P-NMR and ! H-NMR. ?! P-NMR spectra were 
obtained using a Bruker WM 360 wide-bore spec- 
trometer operating at 145.78 MHz in pulsed Four- 
ier transform mode at 25?C. Glandular suspen- 
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sions in 10 mM Hepes solution at pH 7.4 were 
placed in 20 mm (outer diameter) sample tubes 
and free induction decays were accumulated for 
10-20 min. Pulse angle was generally 90?, spectral 
width 10 kHz and repetition time 1 s. Creatine 
phosphate was used as a reference compound. 
However, despite top-gassing with 95% oxygen/5% 
CO,, the intensity of the intracellular inorganic 
phosphate signal (4-6 ppm) exceeded that of the 
nonmembrane phospholipids (3-4 ppm), AMP and 
sugar phosphates (6-8 ppm) and minimally detec- 
table ATP and ADP resonances (-4 to -20 
ppm). The loss of nucleotide phosphate resonances 
suggested some impaired viability of the gland 
preparation and led to more extensive 'H-NMR 
experiments. 

!H-NMR spectra were measured at 400 MHz in 
the Fourier mode using a Bruker WM 400 spec- 
trometer at 25°C or 37°C. The spin-echo pulse 
sequence [4], 90°-т-180°-т with a delay time 
т = 0.06 s preceded by a water irradiation pulse of 
0.2-0.5 $ (used only on suspensions prepared in а 
water medium) and a total repetition time of 1-2 $ 
was most successfully employed. This sequence 
discriminates against acquisition of signals from 
large immobile species such as proteins and mem- 
brane structures. A total of 256 or 512 transients 
were averaged using a spectral width of 5 kHz and 
8K or 16K data points. We also tried variations of 
the inversion-recovery Carr-Purcell-Meiboom-Gill 
sequence, but the resulting spectra were less in- 
formative. Chemical shifts (in ppm) are quoted 
relative to 2,2-dimethyl-2-silapentane 5-sulfonate 
present in a small capillary tube placed coaxially 
inside the NMR tube. 

Just prior to 'H-NMR measurements, 500 pl of 
fresh glands or membrane-free lysates were gently 
mixed in a 5 mm (outer diameter) NMR sample 
tube and allowed to reach the appropriate experi- 
mental temperature (25 or 37°C). The delay be- 
tween warming and data acquisition was no longer 
than 10 min. Spectral accumulation was com- 
menced within 3.5 h after the start of the 
isolation-preparation procedure. 

Aminopyrine determination. An aliquot of stabi- 
lized gland preparation containing [!*CJamino- 
pyrine (Amersham, 118 mCi/mmol) at a con- 
centration of 1.5 pCi/ml of glands was incubated 
with histamine for 20 min at 25 or 37?C. The 
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aminopyrine accumulation was determined as the 
ratio of intraglandular aminopyrine and extra- 
glandular aminopyrine as described previously [1]. 
Samples were counted on a liquid scintillation 
counter (Beckman LS 3800). 

Oxygen consumption. Oxygen consumption was 
measured using ап Astrup respirometer (Radiome- 
ter, Copenhagen) at 25 and 37? C, using air as the 
gas phase. Glands were placed in 3.7 ml reservoir 
volume with a gland-respiratory medium ratio of 
1:2. A stirring electrode magnet rod was placed 
within the reservoir. Histamine was dissolved in 
the respiratory medium after a 30 min equilibra- 
tion, The system was allowed to stabilize for 3 
min, whereupon recordings were resumed. Oxygen 
consumption was recorded at 5-min intervals for 
60 min. All results were converted to pl O,/min 
per mg dry wt. [2]. Oxygen consumption recorded 
on the manometers was adjusted to standard tem- 
perature and pressure. Corrections were made for 
the solubility of oxygen in respiratory medium at 
25 and 37°C [5]. Rates were calculated in some 
instances from the slope of graphs of oxygen dis- 
appearance versus time. 

Assessment of gland viability during NMR ex- 
perimental conditions. Each preparation was tested 
for cellular viability at varying times (0-180 min 
storage) and under different temperature condi- 
tions (25 and 37°C) by Trypan blue exclusion, 
pH, oxygen consumption and aminopyrine uptake. 

` Only those preparations with greater than 90% dye 
exclusion were used. 

Amino acid and lipid analyses. Perchloric acid 
extracts of glands were analyzed by automated 
column chromatography for free amino acids, using 
a JEOL (JLC-6AH) amino acid analyzer (Tokyo, 
Japan). Thin-layer chromatography was performed 
on gland lipid extracted into chloroform from the 
membrane and nonmembrane fractions of cell 
lysates. The plates (Merck Kieselgel G60) were 
placed in chloroform/methanol/water (65 : 25 : 4) 
at room temperature to separate the phosholipids 
from fatty acids [6]. 

Statistical analysis. Data are expressed as mean 
i1S.E. 


Results 


Assignments of resonance 
Resonance assignments were made on the basis 


of their chemical shifts measured in membrane-free 
lysates reconstituted in 2Н,О, comparison with 
authentic samples and chemical analysis of amino 
acid. Selective irradiation experiments were per- 
formed to determine the extent of linkage between 
resonances. 

A typical complete 'H-NMR spin-echo spec- 
trum of a 'H,O glandular suspension is shown іп 
Fig. 1. Spectra were reproducible. Spectra of re- 
constituted *H,O revealed a larger number of 
well-resolved resonances which were not all ap- 
parent in the gland spectrum (Fig. 2). 

The most conspicuous glandular resonance at 
3.19 ppm was assigned to the -N* (CH), protons 
of choline and related compounds (Fig. 3). In 
membrane-free lysates, several components of the 
resonance were resolvable, and those were as- 
signed to choline, phosphatidylcholine, phos- 
phocholine and L-a-glycerophosphocholine (Fig. 
4). L-a-Glycerophosphocholine (choline moiety 
ВСН») was also seen at 4.26 ppm (see Fig. 2, D,), 
linked to aCH, at 3.63 ppm, and phosphocholine 
(BCH,) was observed at 4.11 ppm (see Fig. 2, 
D), linked to «СН, at 3.54 ppm. 

Other resonances identified in gland suspen- 
sions and lysates consisted of protons of free amino 
acids or other compounds (Figs. 1-4). Resonances 
found downfield of water were very small relative 
to the rest of the spectrum, except for a single 
peak at 4.83 ppm. The downfield signals may be 
derived from nucleosides (containing ribose), 
purines and pyrimidines from nucleotide turnover 
and breakdown. It is unlikely that NAD, NADH, 
etc. were present, since no bands were observed at 
appropriate chemical shieldings. It is also possible 
that there were some other sugar derivatives pre- 
sent in the lysates, such as amino sugars. 

Resonances of the а protons of amino acids, 
sugars and the hydroxyl groups of keto acids 
appeared in an as yet unassigned group of peaks 
between 3.50 and 4.00 ppm. The majority of amino 
acids detected by chromatography were not seen 
in the glandular spectrum. The amino acids 
glutamate, glycine, alanine, lysine, serine and 
aspartate were present of highest concentration 
levels in the glands, as measured by chromato- 
graphic analysis (и = 4), but only alanine and 
glycine were easily recognized by 'H-NMR spec- 
troscopy. 


B5 70 55 40 25 10 -05 
РРМ 


Fig. 1. 'Н-ММЕ spin-echo spectrum of loosely packed rabbit 
fundic glandular suspension, of cytocrit 0.15, prepared in re- 
spiratory medium (pH 7.4) (top-gassed 95% О, /5% CO») at 
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In general, top-gassing of glands provided be- 
tter spectra than relatively anaerobic conditions 
(ie, in the absence of top-gassing). The small 
glandular lactate BCH, peak identified at 1.29 


37°C, 512 transients. Abscissa shown in parts per million 
(ppm) with 2,2-dimethyl-2-silapentane 5-sulfonate used as an 
external reference standard. The letters adjacent to each reso- 
nance denote signals for which assignments have been con- 
firmed. Compounds additional to those identified may contrib- 
ute to a given resonance. Similar explanation of illustrations 
apples to Figs. 2-4. Resonances found only in lysates are 
indicted by *. The method used is included in parentheses so 
that (dec) = used decoupler transmitter to test linkages; (add) 
== added compound to gland or lysate. Identified resonances 
include: A, glycine («СН») (3.50 ppm*) (add); B, *phos- 
phatidylcholine (3.17 pm) (add); C, *choline (-N + (CH); (3.14 
ppm) (add); D, *phosphocholine (and D,) and/or L-a- 
glycerophosphocholine (and Ю,) (-N* (CH4)4), (3.16 ppm*) 
(add/dec) plus part of glucose В anomer Н, multiplet (М) 
(3.16-3.20 ppm"); Е, creatinine (CH) (2.97 ppm) (add); С, 
acetyl ester (aCH4) (2.07 ppm); H, alanine (ACH) (1.46 
ppm) (add/dec); I, lactate (ВСН,) (1.29 ppm) (dec); М, 
glucose (C2H-C6H,) (3.20-3.90 ppm); and О, 2,2-dimethyl-2- 
silapentane 5-sulfonate reference standard. 


r1 
С 


Г 

















Fig. 2. !H spin-echo NMR partial spectra of lysate prepared in ?Н,О at 37°C. 
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Fig. 3. ІН spin-echo NMR spectra from gland suspensions of 
Fig. 1, showing expanded scale іп aliphatic region of spectrum. 
Signal D represents composite of B, C and D phospholipid 
signals shown in Fig 4. 














Fig. 4. ІН spin-echo NMR spectra of lysate shown in Fig. 2. 
Only part of the aliphatic region of the spectrum is reproduced. 
Note the increased spectral resolution іп the phospholipid 
signal (B+ D) with additional resonance peaks being observed 
as -N* (CH4), groups of phosphatidylcholine (B) and phos- 
phocholine and/or L-a-glycerophosphocholine (D). 


ppm increased minimally with time (over 45 min 
at 25 or 37? C). 

Glucose presented a complex signal between 
3.20 and 3.90 ppm and any other peaks present 
(ie. «СН protons of several amino acids) ар- 
peared to be masked and complicated by the glu- 
cose pattern. In lysates, glucose resonances were 
present in three groups (3.15-3.20, 3.30-3.51 апа 
3.60—3.87 ppm), and the resonances of protons 
attached to the anomeric carbon lay downfield of 
these groups at 5.18 ppm (a) and 4.59 (В). When 
glucose was omitted from the incubation and re- 
spiratory media during preparation of the glands, 
almost аП resonances were absent (the notable 
exception belonging to the phospholipid group). 
The respiratory medium control spectrum showed 
only glucose resonances with spin-echo NMR, thus 
demonstrating that the albumin signal was selected 
against by the multipulse spin-echo sequence. 
However, rabbit albumin could be seen in the 
medium by repetitive single-pulse experiments. 

Thin-layer chromatography verified that phos- 
phatidylcholine and phosphatidylethanolamine 
were the major phospholipids present in gland 
lipid. 


The effects of temperature on NMR spectrum 

In order to optimize cell viability within the 
alloted experimental session, initial studies were 
performed at 25? (п = 14). However, with top- 
gassing, similar spectra were acquired at 37°C 
(n = 6) indicating that there were no demonstrable 
changes by NMR in the cellular status quo (apart 
from the increase in lactate formation) at a physio- 
logical temperature. 


Effect of histamine on oxygen consumption and 
aminopyrine uptake 

Oxygen consumption increased after the addi- 
tion of histamine (final concentration 1- 10? M) 
at 25 and 37?C almost 70% over control levels 
(mean 0.013 + 0.004 u1/min per mg dry., n = 8). 

Aminopyrine uptake increased after histamine 
stimulation (final concentration 1-1074 and 1. 
1075 M) by 4- and 6-fold, respectively, at 25°C 
(п = 6) and 6- and 8-fold, respectively, at 37°С 
(n = 4), compared to control levels of 11 +4 (n= 
10). 

Histamine-stimulated oxygen and aminopyrine 


uptake were unchanged 15, 30, 60, 120 and 180 
min after preparation, and thereafter only minim- 
ally diminshed. 


Variations of pH with aging glands 

A standard pH meter study of a gland suspen- 
sion (with/without top-gassing) at 25? C showed 
that after 60-80 min the pH decreased by 0.1-0.2 
units, presumably due to production of lactate as 
an end product of anaerobic glycolysis. Subse- 
quently, respiratory media were changed after 60 
min, and any change in pH was monitored by 
Phenol red addition to the medium to assure that 
experimental conditons remained above pH 7.0. 


Discussion 


This is the first report of NMR analysis of 
gastric tissue presenting ІН spectra of acceptable 
signal-to-noise ratio. The fundic glands demon- 
strated long-term stability for over 30 min in the 
NMR sample tube. Other whole cells studied pre- 
dominantly by *'P-NMR techniques include 
erythrocytes, brain, liver, kidney, plants and mi- 
cro-organisms, skeletal muscle, sciatic nerve and 
salivary gland [7-11]. 

The stomach is one of the most highly aerobic 
tissues and acid secretion depends upon adequate 
oxygenation [12]. For that reason limited oxygen 
delivery can impair function. Similarly, NMR 
analyses in stomach tissue require physiologic tem- 
perature, sufficient tissue oxygenation and ade- 
quate pH regulation for proper interpretation of 
such events as acid secretion. Moreover, if the 
cytocrit is too high (i.e., over 50%), as often found 
necessary for ?!P-NMR, poor mixing can occur, 
and excess metabolic end-products may accu- 
mulate. | 

Because of its inherently greater sensitivity, рго- 
ton NMR allows shorter term experiments and 
therefore does not comprise glandular viability to 
the same extent as phosphorus NMR, which de- 
mands significantly greater spectral accumulation 
times. It is possible that the high inorganic phos- 
phate peaks and loss of 3!Р resonances during 
phosphorus NMR studies may reflect the rela- 
tively anaerobic conditions. For this reason, we 
assessed viability by direct methods (aminopyrine 
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uptake, oxygen consumption and Trypan blue ex- 
clusion) and showed that under the NMR condi- 
tions employed the glands appeared to be viable 
and responsive to histamine stimulation. Our !H- 
NMR studies conducted for at least 30 min in a 
relatively anaerobic preparation showed good 
spectral resolution, provided the suspension was 
homogeneous. 

A conspicuous resonance at 3.19 ppm was as- 
signed as being due to the protons of quarternary 
ammonium groups such as choline and related 
compounds. The large amplitude of this composite. 
resonance was found to be quite consistent from 
sample to sample. The phospholipid and choline 
concentrations were readily measured by the spin- 
echo technique (see Fig. 4), and the phospholipid 
composition was confirmed by thin-layer chro- 
matography. In the gland spectrum either phos- 
phatidylcholine, phosphocholine and/or L-a- 
glycerophosphocholine could be the major compo- 
nents of this resonance. Choline probably was not 
highly concentrated in the gland system, since in 
the lysate it was not the dominant peak. It is likely 
that glycerophosphocholine represented an inter- 
mediate of phosphatidylcholine metabolism. 

Butler et al. [13] found mucosal surface phos- 
pholipids in canine parietal cell locations with 
phosphatidylcholine and phosphatidylethanola- 
mine being most prominent and representing 38 
and 349, respectively, of the total phospholipid 
content. These surface-active phospholipids may 
play a role in gastric cytoprotection, but their 
source has not been established. The gastric 
surfactants appear to be derived from the gastric 
mucosa [13,14]. Our data confirm that these phos- 
pholipids are present in the fundic gland and 
presumably account for the presence of the phos- 
pholipids in the gastric juice and on the gastric 
mucosal lining. Their metabolic significance is un- 
known. The role of phospholipids in the pathogen- 
esis of acid-peptic disease is open to speculation, 
but their localized increase in gastric mucosa may 
mediate, in part, prostaglandin-induced cytopro- 
tection [15]. Additional studies on the relation 
between ulcerogenesis by damaging agents and 
alterations in gastric phospholipids are warranted 
and could be determined by proton NMR. 
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UPTAKE OF r-| propyl-2,3-?H]DIHYDROALPRENOLOL BY INTACT HeLa CELLS 
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This report describes the uptake of L-[ propyl-2,3-? H]dihydroalprenolol, a B-adrenergic antagonist, by HeLa 
(human adenocarcinoma) cells. [?H]Dihydroalprenolol binds to sites of high capacity and low affinity in 
intact HeLa cells. The binding achieves equilibrium rapidly and is rapidly reversible. Bound [^H]dihydroal- 
prenolol is displaceable by B-adrenergic antagonists in а nonstereoselective fashion, but is not displaceable by 
isoproterenol, an adrenergic agonist. Phentolamine, an a-adrenergic antagonist, and chloroquine, a lysosomo- 
tropic amine, also compete for |?H]dihydroalprenolol binding sites. |?H]Dihydroalprenolol binding is 
inhibited by metabolic inhibitors, but not by cytoskeletal blocking agents. The binding is sensitive to 
extracellular pH (less binding at lower pH) and is temperature-sensitive (less binding at lower temperatures). 
The bound radioligand is rapidly reversed following hypotonic lysis of the cells. These [?H]dihydroalprenolol 
binding sites in intact HeLa cells therefore do not have the characteristics expected for f-adrenergic 
receptors. Further studies showed that f-adrenergic receptors could be detected іп a HeLa membrane 
preparation using ['*I]iodohydroxybenzylpindolol, and that chloroquine had very low affinity for these 
receptors. We conclude that |? H]dihydroalprenolol diffuses across the plasma membrane of intact HeLa cells 
and accumulates in acidic intracellular compartments. 


Introduction [5 Tiodohydroxybenzylpindolol has frequently in- 
terfered with the detection of specific binding sites 


Identification of fi-adrenergic receptor binding in intact cells, and, to a lesser extent, in membrane 


sites on intact cells is a useful methodology which 
allows receptor-ligand interactions to be studied 
under physiological conditions. Important dif- 
ferences in agonist-receptor interactions have been 
observed between intact and broken cell prepara- 
tions [1. Methods have been described for the 
detection of receptor-specific binding of several 
B-adrenergic radioligands in a variety of cell types. 
Nonspecific binding of the f-antagonist radio- 
ligands ІЛ propyl-2,3-?H]dihydroalprenolol and 
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preparations [2]. Nonspecific binding of these ra- 
dioligands to membranes has been attributed to 
their lipophilicity [3]. However, the nature of the 
nonspecific binding sites in intact cells has not 
been carefully delineated. Agents which have been 
used to reduce nonspecific binding of adrenergic 
radioligands to intact cells include phentolamine, 
an a-adrenergic antagonist [4—9], chloroquine, а 
lysosomotropic agent [10] and valinomycin, a 
metabolic inhibitor [8]. Prolonged washing proto- 
cols [5,7] and hypotonic lysis [11,12,13] have also 
been utilized to reduce nonspecific binding to in- 
tact cells. 

Іп this report, we describe the characteristics of 
[?Hidihydroalprenolol uptake sites in a human 
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adenocarcinoma cell line. As shown by our work 
and that of previous investigators [14—16], HeLa 
cells possess isoproterenol-sensitive adenylate 
cyclase activity and f-adrenergic receptors. How- 
ever, our attempts to identify these receptors in 
intact HeLa cells using [?H]dihydroalprenolol re- 
vealed a major component of [?H]dihydroalpre- 
nolol binding which was not attributable to £- 
adrenergic receptors. We observed that: (1) [7 H]di- 
hydroalprenolol accumulates in the cytoplasmic 
compartment of HeLa cells; (2) f-adrenergic 
antagonists, lysosomotropic agents and metabolic 
inhibitors inhibit [?H]dihydroalprenolol uptake, 
and (3) [?]dihydroalprenolol uptake is decreased at 
low temperature or low pH. We conclude that 
[^H]dihydroalprenolol probably diffuses across the 
plasma membrane and accumulates in lysosomes 
or other acidic intracellular compartments. 


Materials 


( —)-Alprenolol (+)-tartrate, ( —)-isoproterenol 
hydrochloride, ( + )-propranolol hydrochloride and 
valinomycin were obtained from Sigma, St. Louis, 
'MO. _L-[ propyl-2,3->H]Dihydroalprenolol, [?H]- 
cAMP and Omnifluor were purchased from New 
England Nuclear, Boston, MA. ACS scintillation 
cocktail was from Amersham, Arlington Heights, 
AL. (+)-Hydroxybenzylpindolol was a gift from 
‘Sandoz Pharmaceuticals, Nutley, NJ, and was 
iiodinated using 1251 obtained from New England 
‘Nuclear. The resulting |25 одоћудгохуђелгу!- 
pindolol was purified to a theoretical specific ac- 
tivity of 2200 Ci/mmol as described by Maguire et 
al. [17] and was used within 2 months after pre- 
paration. Phentolamine hydrochloride and (-)- 
and (+)-oxprenolol were supplied by Dr. Carl 
Buckner of the University of Wisconsin School of 
Pharmacy. Hepes was a gift from Research 
Organics, Cleveland, OH. Powdered media, anti- 
biotics and trypsin solution were obtained Нот 
KC Biologicals, Lenexa, KS. Fetal calf serum was 
purchased from KC Biologicals апа Pel-Freez. 

HeLa human adenocarcinoma cells were ob- 
tained from Dr. Elliot Dick of the Wisconsin State 
Laboratory of Hygiene. The 'O-HeLa' subline, 
which was originally adapted for growth on a solid 
substrate, was used for all experiments unless 
otherwise mentioned. Cells of the ‘L-HeLa’ sub- 


type, which were originally adapted for growth in 
suspension culture, were used in some experi- 
ments. The cells were grown in Eagle's minimal 
essential medium supplemented with 200 U/ml 
penicillin, 200 pg/ml streptomycin and 10% fetal 
calf serum, were maintained in a humidified in- 
cubator at 37°C in an atmosphere of 95% air/4% 
СО,, and were subcultured using trypsin every 
5—8 days. 


Methods 


Preparation of cell suspensions 

HeLa cells were grown to confluence (2 days) in 
disposable culture dishes (Falcon 3003, 100 x 20 
mm) containing 20 ml of complete medium. The 
medium was removed, and the dishes were rinsed 
twice with 10 ml of Hanks' balanced salt solution. 
Hanks' balanced salt solution (5 ml) was added, 
and the cells were then detached from the dish by 
gentle scraping with a rubber spatula. The cell 
suspension was transferred to a plastic test-tube 
and was centrifuged for 2 min at 200 х g. The 
supernatant was discarded, and the cells were re- 
suspended in 4 mi of Hanks' balanced salt solu- 
tion. This rinsing procedure was repeated three 
times, and the cells were finally resuspended in the 
desired volume of Hanks' balanced salt solution. 


[ЗН] Dihydroalprenolol-binding assays using intact 
cell suspensions 

The incubation was initiated by adding 100 pl 
of a freshly prepared cell suspension to poly- 
styrene tubes containing [^H]dihydroalprenolol 
and competing ligands in Hanks’ balanced salt 
solution to give a total volume of 500 ul. Both the 
assay tubes and the cell suspension were briefly 
warmed to 37°С prior to initiation of the assay. 
The tubes were incubated for 10 min at 37?C with 
gentle shaking. At the termination of the incuba- 
tion, 2 ml of ice-cold Hanks' balanced salt solution 
was added to each tube, the contents of the tube 
were filtered over Whatman GF/C paper using а 
vacuum filtration manifold, and each filter was 
washed with 25 ml of ice-cold Hanks' balanced 
salt solution. This filtration procedure was com- 
pleted in less than 1 min. Each dried filter was 
added to 10 ml of ACS scintillation cocktail and 
the tritium content was determined using a Packard 


liquid scintillation counter. Тһе cell concentration 
of the cell suspensions was determined using a 
hemacytometer. In most experiments, 2 - 10? cells 
were added to each assay tube. The properties of 
the observed [?H]dihydroalprenolol binding were 
similar at all cell concentrations tested (2 - 10^ to 
3. 10° cells per tube). When ( — )-isoproterenol was 
used as a competing ligand, the incubation mix- 
ture contained 0.8 mM ascorbic acid and 3 mM 
catechol to retard catecholamine oxidation and 
degradation. 


Radioligand-binding assays using intact cells in mul- 
tiwell culture plates 

Cells were grown to confluence in 24-well cul- 
ture plates containing 1 ml of complete media рег 
well. The medium was removed by aspiration, and 
the cells were rinsed twice with 1 ml of Hanks’ 
balanced salt solution. A 1 ml aliquot of incuba- 
tion mixture containing [^ H]dihydroalprenolol and 
competing ligands in Hanks' balanced salt solu- 
tion was then added to each well. The cells were 
incubated at 37? C for 10 min. The incubation 
mixture was removed, and the cells were rinsed 
twice with 1 m] of Hanks' balanced salt solution. 
The cells were then dissolved by the addition of 1 
ml of 20% sodium dodecyl sulfate (SDS) to each 
well. The SDS solution was removed and each well 
was rinsed with 1 ml of water. The pooled SDS 
and water washes from each well were added to 10 
ml ACS and their tritium content was determined 
using a Packard liquid scintillation counter. 


Preparation of cell membranes 

Membranes were prepared from cultured cells 
by the method of Harden, Su and Perkins [18]. 
Dishes of confluent cells were rinsed twice with 
cold ‘wash buffer’ (2 mM MgCl,/1 mM Tris-HCl 
(pH 7.5)) and were then incubated with 5 ml wash 
buffer for 15 min at 4°C. The cells were removed 
from the dishes using a rubber spatula and each 
dish was washed once with 2 ml wash buffer. The 
pooled lysates were centrifuged at 35000 хр for 
10 min at 5°C. The pellet was resuspended in 10 
ті of wash buffer and was washed twice. The final 
pellet was resuspended in 1-2 ml of ice-cold *assay 
buffer’ (2 mM MgCl;/145 mM МаС 20 mM 
Tris-HCl (pH 7.5)). 

The cell concentration was determined at the 
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conclusion of each experiment by adding 100 pl of 
the membrane suspension to 100 pl of 0.6% Trypan 
blue in 0.9% NaCl. The intact, Trypan-blue-stained 
nuclei were counted using а hemacytometer. 
Estimates of the number of cells per culture dish 
derived from nuclei counts of the membrane sus- 
pension were similar to estimates obtained by 
counting intact cells removed from the dishes by 
trypsinization. 


Binding of [' I]iodohydroxybenzylpindolol to mem- 
brane preparations 

Membrane binding assays were performed in 
polystyrene tubes containing |25 одоһудгоху- 
benzylpindolol, competing ligands and mem- 
branes, to give a total volume of 100 ul. Duplicate 
of triplicate tubes were prepared for each experi- 
mental condition. The assay was initiated by ad- 
ding the membrane suspension to the the pre- 
warmed assay tubes. The tubes were incubated at 
37?C for 30 min. The assay was terminated by 
adding 1 ml of 37?C assay buffer to each tube, 
filtering the contents over Whatman СЕ/А filter 
paper using a vacuum filtration manifold, and 
rinsing each filter with 25 ml of 37°С assay buffer. 
The amount of radioligand retained on each filter 
was determined using a Searle gamma counter. 


Results 


['H]Dihydroalprenolol binding sites in intact 
HeLa cells were characterized by high capacity, 
low affinity, and rapid rates of association and 
dissociation. The radioligand binding represented 
approx. 50% óf the total ligand added to the 
incubation mixture (Fig. 1). The [?H]dihydroalpre- 
nolol binding throughout this concentration range 
was reduced by approx. 80% in the presence of 10 
ЕМ (+)-propranolol (data not shown). The pro- 
pranolol-protectable binding was not saturable in 
the range of 0.5-25 nM [?Hjdihydroalprenolol. 
Similar numbers of [?H]dihydroalprenolol-binding 
sites were observed for control cells and for cells 
incubated for 18 h with 5 mM sodium butyrate 
(data not shown). The observed binding reached 
equilibrium rapidly and maximal binding was 
measured after 3 min at 37°C (Fig. 2A). ( —)-Iso- 
proterenol (100 aM) did not affect the rate of 
association or the amount of [^Hydihydroalpre- 
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Fig 1. Binding of [?H]dihydroalprenolol (DHA) to intact 
HeLa cells. HeLa cell suspensions (2.5.105 cells/tube) were 
incubated for 10 min at 37? C with varying concentrations of 
[^H]ihydroalprenolol in Hanks’ balanced salt solution. The 
amount of total [> H]dihydroalprenolol binding was determined 
as described in the text. The [?H]dihydroalprenolol concentra- 
tion 1s expressed both as the nanomolar concentration and as 
the total number of cpm present in each assay tube. Each 
datum point represents the mean of triplicate determinations. 


nolol bound at equilibrium. Following a 5-fold 
dilution of the incubation mixture, 50% of the 
bound [?H]dihydroalprenolol dissociated in 3 min, 
and 85% of the radioligand had dissociated within 
15 min (Fig. 2B). 
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Fig. 3. Competition for [? H]dihydroalprenolol binding to intact 
HeLa cells by adrenergic ligands. HeLa cell suspensions ((1-2) 
:105 cells per tube) were incubated with 2.5 nM [?H]dihydroal- 
prenolol for 10 min at 37? C in the absence and presence of 
varying concentrations of the indicated adrenergic agents The 
data are expressed as percentage inhibition of maximal binding 
observed in the absence of competing ligands. Each datum 
point represents the mean + S.E. of triplicate determinations 6, 
(—)-alprenolol; О, (+)-propranolol; №, (—)-oxprenolol; 0, 
{+ )-oxprenolol; ж, phentolamine; %, (—)-1soproterenol. 


The abilities of various adrenergic agonists and 
antagonists to compete for [?H]dihydroalprenolol 
binding to intact HeLa cells are shown in Fig. 3. 
Of the agents tested, the f-adrenergic antagonist 
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Fig. 2. Time-course of [?H]dihydroalprenolol (DHA) association and dissociation to intact HeLa cells. HeLa cell suspensions (2.5- 107 
cells per tube) were incubated with 2.5 nM [*H]dihydroalprenolol in the absence (8) or presence (О) of 100 uM (—)-isoproterenol at 
379 C. In panel A, the amount of total [?H]dihydroalprenolol binding was measured at varying time points and is expressed as fmol 
bound/10? cells. In panel B, the cells were incubated with 2.5 nM [^H]dihydroalprenolol for 10 min at 379 C and were then diluted 
5-fold by the addition of Hanks’ balanced salt solution. The amount of (? H)dihydroalprenolol binding was measured at varying times 
after dilution and is expressed as percentage dissociation of initial binding. In both panels, each point represents the mean + S.E. of 


triplicate determinations. 


(—)-alprenolol was the most potent inhibitor of 
[3 H]dihydroalprenolol binding. (+)-Propranolol, 
another f-adrenergic antagonist, was less effective 
in inhibiting [?H]dihydroalprenolol binding than 
was alprenolol The (+) and (—) isomers of 
oxprenolol, a B,-antagonist, were equally potent in 
inhibiting [?H]dihydroalprenolol binding. Phen- 
tolamine, an a-adrenergic antagonist, also com- 
peted for the [*H]dihydroalprenolol-binding sites. 
(—)-Isoproterenol, а fj-adrenergic agonist, was ап 
extremely poor competitor for these binding sites. 
The ІС, values for these agents are summarized іп 
Table I. 

Chloroquine, a lysosomotropic amine, inhibited 
[^ H]dihydroalprenolol binding to intact HeLa cells 
(Fig. 4). The dose of chloroquine required to in- 
hibit [^H]dihydroalprenolol binding was similar 
both for HeLa cell suspensions and for HeLa cells 
grown in multiwell culture plates, indicating that 
the preparation of cell suspensions did not alter 
the properties of [?H]dihydroalprenolol binding. 
The addition of 50 „М chloroquine to cells which 
had been preincubated for 10 min with [^H]di- 
-hydroalprenolol resulted in 83% dissociation of 
[?H]dihydroalprenolol within 3 min after chloro- 


"TABLE I 


SUMMARY ОЕ ІС, VALUES FOR INHIBITION OF 
(HIDIHYDROALPRENOLOL BINDING TO INTACT 
HeLa CELLS 


HeLa cell suspensions were incubated with 2.5 nM p 'HyMihy- 
droalprenolol їп the presence of varying concentrations of the 
indicated compounds for 10 min at 37°C. [?H]Dihydroalpren- 
olol binding was assessed as described in the text. 





Ligand ICs; (М) 
B-Antagonust 
(—)-alprenolol 0.5 
(+)-propranolol 3.5 
(-)-охргепоіоі 15 
(+)-oxprenolol 15 
P-^gonists 
(—)-isoproterenol > 100 
«-Antagonist 
phentolamine 75 
Amines 
chloroquine 8.0 
methylamine 2500 
ammonium chlonde 800 
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Fig. 4. Inhibition of (?H]dihydroalprenolol (DHA) binding to 
intact HeLa cells by chloroquine. HeLa cell suspensions (1.2- 
105 cells рег tube) (Ө) or HeLa cells grown in multiwell culture 
plates (2-10° cells per well) (ж) were incubated with 2.5 nM 
[ЗЕ Jdihydroalprenolol in the absence and presence of chloro- 
quine at varying concentrations for 10 min at 37°C. [^ Hjdihy- 
droalprenolol binding was assessed as described in the text. 
Each datum point represents the mean S.E. of triplicate (cell 
suspension) or quadruplicate (multiwell plate) determinations. 


quine addition. Methylamine and ammonium , 
chloride, which have chloroquine-like lysosomo- 
tropic activities in other biological systems, also 
inhibited [?H]dihydroalprenolol binding to intact 
HeLa cells (Table I). The concentrations of these 
amines which caused maximal inhibition (10 mM) 
were higher than that required for chloroquine (0.1 
mM). 

The binding of [?H]dihydroalprenolol to intact 
HeLa cells was dependent on both the pH and the 
temperature of the incubation medium. The de- 
pendence of [?H]dihydroalprenolol binding on the 
extracellular pH is shown in Fig. 5. The amount of 
total [?H]dihydroalprenolol binding increased 4- 
fold as the pH of the incubation buffer was in- 
creased from 6.5 to 8.0. 

The temperature dependence of [?H]dihydroal- 
prenolol binding is shown in Table II. The amount 
of binding was decreased by 7395 when the cells 
were incubated for 30 min at 4? C, as compared to 
10 min at 37°C. [?H]Dihydroalprenolol binding 
did not increase when the cells were incubated at 
49С for up to 90 min, indicating that the reduced 
level of binding was not due to a lower association 
rate at 4°C. When the cells were incubated with 
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Fig. 5. Effect of pH on [? H]dihydroalprenolol binding to intact 
HeLa cells. HeLa cells grown in multiwell plates (2-10? cells 
per well) were incubated for 10 min at 37? C with 2.5 nM 
[?H]dihydroalprenolo! in Hanks’ balanced salt solution con- 
taining 25 mM Hepes adjusted to various pH values. The cells 
were then rinsed with buffer at the same pH used for the 
incubation and [?H]dihydroalprenolol binding was assessed as 
described in the text. Each datum point represents the mean + 
S.E. of quadruplicate determinations. 


[^H]dihydroalprenolol for 30 min at 4°C and were 
then warmed to 37°С for 10 min, the amount of 
[^H]dihydroalprenolol binding was similar to that 
measured in cells which had not been prein- 
cubated at 4°C. When cells were incubated with 
[^H)dihydroalprenolol at 37°C and were subse- 


TABLE II 


EFFECTS OF INCUBATION TEMPERATURE ON TOTAL 
['HJIDIHYDROALPRENOLOL BINDING TO INTACT 
HeLa CELLS 


HeLa cell suspensions (2-105 cells per tube) were incubated at 
49С or 37°С for varying incubation times with 2.5 nM 
[?H]dihydroalprenolol ([!H]DHA). [?H]Dihydroalprenolol 
binding was assessed as described in the text. Each value 
represents the mean of triplicate determinations + S.E. 


Incubation conditions Total [>H]DHA bound 
(% of control) 
10 mm at 37? 100.0 
30mmat 4°C 26.8 +0.9 
30 min at 4? C, followed by 
10 min at 37? C 78.4 + 3.9 
10 min at 37 9 C, followed by 
20 minat 4? C 114.6 + 4.6 


TABLE Ш 


EFFECTS OF THE COMPOSITION OF THE WASH 
BUFFER ON [?H]DIHYDROALPRENOLOL BINDING ТО 
INTACT HeLa CELLS 


HeLa cell suspensions (1.4.105 cells per tube) were incubated 
with 2.5 nM [*H]dihydroalprenolol ın Hanks’ balanced salt 
solution (HBSS) at 37°C for 10 min. [?H]Dihydroalprenolol 
(3НЈОНА) binding was assessed as described in the text, 
except that during filtration of the incubation mixtures the cells 
were washed with the indicated buffers. The data are expressed 
as ['H]diliydroalprenolol binding as percentage of control 
(HBSS incubation and wash). Each value represents the mean 
of triplicate determinations + S.E. 


Incubation Wash buffer [^ H]DHA bound 
buffer (& of control) 
HBSS HBSS (25 ml) 100 
HBSS 10 mM Tris-HCl, 

рН 7.5 60%) 201229 
HBSS H,O (25 ml) 58121,9 
HBSS Н,О (100 ml) 28.4--2.4 


quently cooled to 4?C, no reduction in the total 
[^ H]dihydroalprenolol binding was observed, indi- 
cating that cooling of the cells did not cause 
dissociation of bound radioligand. In summary, 
these data show that [^H]dihydroalprenolol uptake 
occurs at 37? C but not at 4°. 

[^H]Dihydroalprenolol binding was reduced 
when HeLa cells were washed with hypotonic solu- 
tions following incubation with the radioligand 
(Table IID). When cells were incubated with 
[?H]dihydroalprenolol in Hanks’ balanced salt 
solution and were then washed on the filters with 
either distilled water or 10 mM Tris-HCl (pH 7.4), 
the amount of radioligand retained on the filter 
was reduced by 41-80% as compared to control 
cells washed with Hanks’ balanced salt solution. 
Similar reductions in [*H]dihydroalprenolol bind- 
ing were observed in cells which were incubated in 
phosphate-buffered saline and then washed with 
distilled water (data not shown). 

Valinomycin, a K*-ionophore which depletes 
intact cells of ATP, reduced the binding of [> H]di- 
hydroalprenolol in a dose-dependent manner to a 
maximum extent of 61% (Table IV). The effective- 
ness of sub-maximal concentrations of valinomy- 
cin was increased by incubating the cells with 
valinomycin for 5 min prior to addition of [?H]di- 
hydroalprenolol. Sodium azide, another metabolic 


inhibitor, also inhibited radioligand binding іп a 
concentration-dependent fashion. | 

Two cytoskeletal-disrupting agents, colchicine 
and cytochalasin B, had little effect on [?H]dihy- 
droalprenolol binding. Each agent was prein- 
cubated with the cells for 15 min prior to addition 
of the [?H]dihydroalprenolol. Colchicine (1-100 
ЕМ) inhibited binding by approx. 30%, but the 
effect was not dose-dependent. Cytochalasin B 
had no significant effect (less than 16% inhibition) 
at concentrations between 1 and 100 uM. 

In order to determine whether the component 
of [*H]dihydroalprenolol binding described above 
was unique to the O-HeLa cell line used in these 
experiments, the properties of radioligand binding 
to another HeLa cell line, L-HeLa, were examined. 
In L-HeLa cells, [*H]dihydroalprenolol binding 
was similarly protectable by (+)-propranolol, 
chloroquine and valinomycin (data not shown). 

We next studied the properties of f-adren- 
ergic-binding sites on HeLa cell membranes. Since 
the intact-cell results bad suggested that В-гесер- 
tors were not present in very high densities on the 


TABLE IV 


EFFECT OF METABOLIC INHIBITORS ON [?H]DIHY- 
DROALPRENOLOL BINDING TO INTACT HeLa CELLS 


HeLa cell suspensions (1-105 cells per tube) were incubated 
with 2.5 nM [^H]dihydroalprenolol in the presence and absence 
of varying concentrations of valinomycin or sodium azide for 
10 min at 37? C. In some samples, the cells were preincubated 
with valinomycin for 5 min prior to the addition of [?H]dihy- 
droalprenolol ([? H]DHA). [?H]Dihydroalprenolol binding was 
assessed as described ш the text. Each value represents the 
mean of triplicate determinations + S.E. 





Compound Preincubation [7НЈОНА bound 
conc. (M) time (min) (% of control) 
Valinomycin 
1.1077 0 72.7+2.2 
1.1076 0 62.1+2.5 
1:107? 0 43.9 x: 0.8 
1.1077 5 524132 
1.1076 441+0.2 
1-1075 5 390--3.3 
Sodium azide 
1-1074 0 83.443.5 
1:107? 0 77.342.0 
1-107? 0 64.5 +21 
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HeLa cells used for this study, we used [!?°Гїойо- 
hydroxybenzylpindolol as the radioligand in these 
experiments because its specific activity is higher 
than that of [?H]dihydroalprenolol. Specific bind- 
ing of |5 одоһудгохуВелгуірілдоісі to HeLa 
membranes was determined in the presence of 10 
ИМ (—)-alprenolol or 100 uM (—)-isoproterenol, 
and typically represented 60-75% of the total 
binding. Specific binding achieved equilibrium 
within 20 min at 37°C and was stable for at least 
45 min (data not shown). Equilibrium binding of 
['^Iiodohydroxybenzylpindolol to HeLa cell 
membranes was performed using membranes pre- 
pared from cells grown in the absence and pres- 
ence of 5 mM sodium butyrate. The receptor 
number of membranes prepared from butyrate- 
treated cells was increased as compared to control 
membranes. Іп a representative experiment, the 
binding capacity increased from 4.17 to 7.04 
fmol/10$ cells (— butyrate: 2510 receptors/ cell; 
+ butyrate: 4238 receptors/cell) following butyrate 
exposure, as calculated from the linear regression 
analyses of the data plotted by the method of 
Schatchard [19]. The К. values for ['^IJiodohy- 
droxybenzylpindolol binding were similar for nor- 
mal and butyrate-treated cells (200 and 330 pM). 
The mean increase in receptor number for 
butyrate-treated cells was 286% (ratio of 
— butyrate/ + butyrate: mean = 0.35 + 0.04 S.E., 
п = 6). 

The abilities of various agents to compete for 
['^Iliodohydroxybenzylpindolol sites on control 
and butyrate-treated HeLa cell membranes were 
examined (data not shown). (—)-Alprenolol and 
(—)-isoproterenol competed for the [12°] 
iodohydroxybenzylpindolol-binding sites with high 
affinity in both normal and butyrate-treated HeLa 
cell membranes (К. values of 0.1 and 400 nM, 
respectively). Chloroquine inhibited |125 одо- 
hydroxybenzylpindolol binding to membranes by 
less than 50% at a concentration of 1 mM. 


Discussion 


Our previous observation [14] that isoproterenol 
stimulated cyclic AMP accumulation in intact 
HeLa cells indicated that functional B-adrenergic 
receptors were present on the cells, confirming 
observations from other laboratories [15,16]. How- 
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ever, our attempts to detect В receptor-specific 
[^ H]dihydroalprenolol binding to intact HeLa cells 
yielded results which were initially perplexing. The 
[2 H]dihydroalprenolol-binding sites were protect- 
able by 10 ИМ propranolol and were characterized 
by high capacity and by rapid rates of association 
and dissociation. However, approx. 50% of the 
added radioligand was bound to the cells and the 
*specific' binding was not saturable. These features 
were not typical of [?H]dihydroalprenolol binding 
to B-adrenergic receptors, which are saturable and 
of high affinity. 

When we investigated the ligand specificity of 
the [?H]dihydroalprenolol binding sites, we found 
that the B-antogonists (—)-alprenolol and (+)- 
propranolol blocked [*H]dihydroalprenolol bind- 
ing. However, the binding was nonstereoselective 
and the concentrations of the antagonists required 
to inhibit [^H]dihydroalprenolol binding were 
much higher than expected on the basis of their 
dissociation constants for B-adrenergic receptors 
[20]. [?H]Dihydroalprenolol binding was inhibited 
by phentolamine, an a-adrenergic antagonist, but 
not by (— )-isoproterenol, a f-adrenergic agonist. 
These data indicated that the majority of [^H]di- 
hydroalprenolol-binding sites in intact HeLa cells 
did not represent B-adrenergic receptors. 

Observations from further studies were all con- 
sistent with our hypothesis that a cytoplasmic up- 
take process was responsible for the observed 
[?H]dihydroalprenolol binding. We observed that 
the [?H]dihydroalprenolol binding to intact HeLa 
cells was inhibited by lysosomotropic amines and 
was pH- and temperature-dependent. When cells 
were washed with hypotonic buffer to induce cell 
lysis, bound [?H]dihydroalprenolol was removed. 
Two metabolic inhibitors, valinomycin and sodium 
azide, suppressed [?H]dihydroalprenolol binding. 
We feel that the most probable site of [?H]dihy- 
droalprenolol accumulation is the lysosomal com- 
partment. Our model is as follows. (1) Since 
[^H]dihydroalprenolol is a lipophilic weak base 
(pK 9.5-10), the neutral form (which is more 
prevalent at higher pH) diffuses across the plasma 
membrane and accumulates in the lysosomal com- 
partment (pH approx. 4.5). This process is facili- 
tated by elevated extracellular pH. (2) [^ H]dihy- 
droalprenolol uptake is blocked at 4? C because 
the radioligand cannot diffuse across the plasma 


membrane at this temperature, due to the altered 
physical state of the membrane. (3) Other lipo- 
philic amines (ie. adrenergic antagonists and 
lysosomotropic agents) compete for binding to the 
lysosomal compartment and thereby inhibit 
[^Hidihydroalprenolol uptake. (4) [?H]Dihydroal- 
prenolol retained in the cytoplasmic compartment 
is washed out during cells lysis, resulting in a 
decrease in the detectable radioligand binding. (5) 
Since the lysosomal pH gradient is maintained by 
an ATP-driven proton pump [21], metabolic poi- 
sons abolish the gradient and thereby decrease 
[^ H]dihydroalprenolol entrapment. 

Alternative explanations for the observed 
[^H]dihydroalprenolol binding are as follows. First 
the ligand might partition into the lipid bilayer of 
the plasma membrane in a nonspecific fashion. 
This is unlikely in view of the fact that hypotonic 
lysis of the cells removes bound radioligand (Table 
IV). Second, the uptake might be a receptor-medi- 
ated accumulation resulting from internalization 
of the ligand-receptor complex. However, this ex- 
planation is inconsistent with our observations 
that B-agonists have no effect on the amount of 
uptake ог the rate of uptake, and that fl-adrenergic 
antagonists block uptake at concentrations higher 
than predicted on the basis of their affinities for 
B-adrenergic receptors as measured in other sys- 
tems. Finally, the uptake might be due to accumu- 
lation of [?H]dihydroalprenolol in nonlysosomal 
sites. This latter possibility cannot be eliminated 
without conducting further experiments. 

Amine uptake has been observed in a variety of 
cellular systems. In macrophages, [?H]propranolol 
uptake is dependent on temperature and pH, and 
is inhibited by lysosomotropic amines and by 
metabolic inhibitors, but not by norepinephrine or 
epinephrine, and is abolished by sonication of the 
cells [22]. The uptake of dopaminergic radio- 
ligands by several types of intact cells is inhibited 
by chloroquine and alprenolol and is pH-depen- 
dent (23]. A study of amine uptake by rabbit lung 
showed that amines with higher pK, values are 
accumulated within cells to a greater extent than 
those with lower pK, values and that the physio- 
chemical characteristics of the nonnitrogenous 
portion of the molecule influence the extent of the 
uptake [24] Presumably, -adrenergic agonists, 
such as isoproterenol, do not block [^ H]dihydroal- 


prenolol uptake because they are more hydrophilic 
and therefore diffuse across plasma membranes 
less readily than the more hydrophobic antagonists. 

‹ B-Adrenergic-receptor sites were successfully 
identified and quantitated in membrane prepara- 
tions of HeLa cells, using [РТ одоћудгохуђеп- 
zylpindolol as the radioligand. These sites were 
distinct from the [?H]dihydroalprenolol uptake 
sites described for intact cells. Chloroquine, an 
effective inhibitor of [?H[dihydroalprenolol uptake 
in intact HeLa cells, was a very poor inhibitor of 
[^ Tfiodohydroxybenzylpindolol binding to HeLa 
membranes. The concentrations of chloroquine re- 
quired to block the binding.of 88-160 pM 
['^Ifiodohydroxybenzylpindolo] were 100-fold 
greater than the concentrations required to block 
the binding of 2.5 nM [*H]dihydroalprenolol to 
the intact cells. Thus, the effects of chloroquine on 
[^ iodohydroxybenzylpindolol binding to mem- 
branes are probably due to a mechanism different 
from that implicated in the intact cell. This was 
especially evident in the striking differences in the 
rank order of potencies of alprenolol and chloro- 
quine in the two systems. In intact cells, alprenolol 
and chloroquine were approximately equipotent in 
inhibiting [?H]dihydroalprenolol uptake. In the 
membrane preparation, alprenolol was approx. 2. 
10°-fold more potent in blocking [12°Шодову- 
droxybenzylpindolol binding than was chloro- 
quine. 

Various strategies may be employed to reduce 
nonspecific [?H]dihydroalprenolol binding. These 
include the use of lysosomotropic agents, low tem- 
perature, and metabolic inhibitors. While these 
methods permit*the detection of 8-айгепегріс re- 
ceptors on the intact cells, they may complicate 
studies of the dynamics of f-adrenergic receptors 
in intact cells. For example, metabolic inhibitors 
may inhibit receptor internalization and receptor 
turnover, lysosomotropic agents are likely to in- 
hibit degradation of internalized receptors, and 
low temperature may abolish receptor internaliza- 
tion and receptor-effector interactions. The capa- 
bility of studying phenomena such as receptor 
desensitization is one of the major advantages of 
an intact cell system. Hypotonic lysis of cells fol- 
Jowing their incubation with radioligand is proba- 
bly the most benign method for the reduction of 
nonspecific binding, since it сап. be accomplished 
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rapidly at the conclusion of the incubation period. 

Care must be taken to define ‘specific’ [? H]di- 
hydroalprenolol binding in intact cells, since other 
B-antagonists compete for the radioligand uptake. 
Our results suggest that isoproterenol, which blocks 
receptor-specific binding, but not radioligand up- 
take, is an appropriate ligand to use in defining 
nonspecific binding. Chloroquine is a useful agent 
for testing the specificity of radioligand binding, 
since it is much more effective at reducing [^H]di- 
hydroalprenolol uptake than at inhibiting radio- 
ligand binding to В-гесерюгз. We recommend that 
chloroquine be used in preference to phentolamine 
to inhibit [*H]dihydroalprenolol uptake in intact 
cell systems, since it is more potent than phen- 
tolamine. Ultimately, the use of more polar radio- 
ligands may avoid the problem of radioligand 
uptake. Recently, a hydrophilic fl-adrenergic 
antagonist (І?Н|СОР-12177) has been successfully 
employed for the identification of ffadrenergic 
receptors on intact cells [13]. 

The uptake of B-antagonists may be of clinical 
importance. Other exogenously-administered 
amines may displace these drugs from the lyso- 
somal compartment and lead to an abrupt increase 
in plasma drug levels. Also the possibility exists 
that the adrenergic amines may affect lysosomal 
function in a manner similar to chloroquine. HeLa 
cells are a useful model system in which to explore 
these possibilities. 
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The present study is aimed at identifying the unidentified compound which gives rise to the so-called 
resonance ‘X’ in the *! P-NMR spectra of yeast cells. In addition, it is attempted to determine the localization 
of X (inside or outside the cell). Enzymic removal of the cell wall causes resonance ‘X’ to disappear in the 
spectra of the cells. This observation indicates an extracellular localization of X. The *! P-NMR spectrum of 
the phosphomannan extracted from the yeast shows a single resonance at exactly the same position as that of 
resonance ‘X’, Extraction of the phosphomannan from delipidized cells causes resonance ‘X’ to disappear 
from the ?! P-NMR spectrum of the cells. The intensity of resonance ‘X’ in the spectrum of the intact cells 
can be almost quantitatively attributed to the amount of phosphomannan present in the yeast. The present 
results demonstrate that the resonance ‘X’ in the >! P-NMR spectrum of yeast cells is caused by phosphoman- 


nan in the cell wall. 


Introduction 


The ?!P-NMR spectra of yeasts show a reso- 
nance in the phosphodiester range, designated as 
peak *Х' (see e.g. Refs. 1-3). The compound caus- 
ing this peak has not yet been identified and also 
its localization, (e.g, inside or outside the yeast 
cell) has not been determined. 

The cell walls of yeast cells typically contain a 
compound with phosphodiester bonds, namely 
phosphomannan (see e.g. Ref. 4). Therefore, it 
may be considered that the phosphomannan caused 
peak ‘X’ in the ?! P-NMR spectra of yeast cells. 

Here we report on a ?! P-NMR study of the yet 
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Abbreviations: TSP, 3-(trimethylsilyDpropiome acid-(d4) 
sodium salt; TPP, tetraphenylphosphonium chloride; TMP, 
trimethylphosphate. 
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unidentified phosphorus pool in Saccharomyces 
cerevisiae and we will show that phosphamannan 
of the yeast cell wall indeed causes peak ‘X’. 


Materials and Methods 


Preparation of cells and protoplasts. Cells and 
protoplasts of S. cerevisiae A294 (Whitbread and 
Co. Luton, U.K.) were grown and harvested 
according to the method of Theuvenet and Bindels 
[5]. Cells and protoplasts were washed and resus- 
pended in 45 mM Tris succinate (pH 4.5) contain- 
ing 0.82 М sorbitol, 1 mM CaCl, and 10% (v/v) 
2Н,О. The pellet volume was usually 40% of the 
total sample volume. Cells and protoplasts were 
kept on ice until needed. 

Preparation of delipidized cells. Cell lipids were 
extracted according to the method of Wanka [6]. 
Using S. cerevisiae A294, 6 g wet wt. was washed 
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twice with distilled water. The pellet. was then 
resuspended in 50 ml of an ethanol/ diethylether 
(3:1) mixture and heated at 75? C under reflux for 
10 min. The residue was pelleted by slow centrifu- 
gation and resuspended in ethanol/ diethylether 
(3:1) and the process was repeated three times. 
For ?! -NMR the residue was resuspended in 15 
ті distilled water containing 10% (v/v) 7H,O. 

Extraction of рћоѕрһотаппап. The delipidized 
cells (obtained from 6 g wet wt. of intact cells) 
were washed with acetone and subsequently with 
ether and then dried. The pellet was resuspended 
in 50 ml distilled water and 125 mg pronase (grade 
B, Calbiochem, La Jolla, U.S.A.) was added. The 
mixture was stirred thoroughly for 15 min at 37°C 
and further incubated for a period of 20 h at 
37°C. The digest was then centrifuged at 1500 X 2 
and the phosphomannan isolated following the 
sodium borate Cetavlon method of Cawley et al. 
[7]. This phosphomannan extract (yield 100 mg) 
was stored at 0°C for a short period until further 
use. 

For ?!P-NMR of the phosphomannan extract, 
40 mg of the extract was suspended in 15 ті 
distilled water containing 10% (v/v) ?Н.О. 

Thin-layer-chromatography (TLC) of the phos- 
phomannan extract. TLC was carried out using 
Celulose F TLC plates (Merck, Darmstadt, 
F.R.G.). 3 mg of the phosphomannan extract was 
dissolved in acetic acid. Two spots were applied to 
the plates, one at each side of the centre line, and 
the plates were allowed to develop in propan-2-ol 
/aqueous ammonia 0.88/distilled water (6: 3: 1). 
The plates were then sprayed with a molybdate 
spray according to the method of Dittmer and 
Lester [8] and a sodium periodate rosaniline spray 
(Schiffs reagent) according to the method of 
Buchanen et al. [9]. 

Acid hydrolysis of the phosphomannan extract. 
An acid hydrolysate of the phosphomannan ex- 
tract was prepared by dissolving 30 mg of the 
extract in 1 ml 2 M HCI and by heating the 
solution for 4 h at 120? C in a sealed tube. Subse- 
quently, 5 ml distilled water was added and the 
solution was evaporated to near dryness, distilled 
water was again added and the process repeated 
three times until a pH value of 4.5 was reached. 
The hydrolysate of the extract was then evaporated 
to dryness on a rotary evaporator and stored at 


— 20°C until further use. 

For !H-NMR, 0.5 mg of the acid hydrolysate 
was dissolved іп 0.3 ml 7H,O with 1% (v/v) TSP 
as internal standard. 

Preparation of phenylhydrazones according to 
Richtmyer [10]. About 6 mg of the acid hydro- 
lysate of the phosphomannan extract was dis- 
solved in 0.5 ml distilled water. 0.1 ml of a mixture 
of phenylhydrazine (200 mg/ml) and sodium 
acetate (120 mg/ml) was added, and the resulting 
mixture was allowed to stand for 2 h. It was then 
cooled to 0-4? C and allowed to stand for а fur- 
ther 2 h. After slow centrifugation the pellet was 
resuspended in 2 ml distilled water at 0? C and 
centrifuged again. The pellet was then washed 
twice successively with ice-cold ethanol and dieth- 
ylether and allowed to dry. The resulting crystals 
(yield 3 mg) had a greyish white colour. The 
melting point of these crystals was compared to 
that of a standard of mannose phenylhydrazone, 
using a Fisher Johns melting point apparatus. 

Preparation of derivatives of hexoses and their 
characterization by gas-liquid chromatography 
(GLC). The acid hydrolysate of the phosphoman- 
nan extract was derivatized to the per-O-acetyl 
aldononitrile, using a variation of the method of 
Lance and Jones [11] as follows. About 3 mg of 
the hydrolysate was dissolved in 0.1 ml pyridine 
provided with 6 mg hydroxylamine hydrochloride. 
The solution was heated in a sealed tube at 90°C 
for 30 min. 0.25 ml acetic anhydride was added, 
and the mixture was heated at 90°C for another 
30 min. Standards were prepared in the same way, 
using mannose, glucose and galactose. The result- 
ing derivatives were directly injected in the gas 
chromatograph. GLC was performed on a Varian 
3700 gas-liquid chromatograph using a fused silica 
capillary: column of SE 54 quartz and a tempera- 
ture program of 29С per min in the range of 
150-1809С with helium as carrier at 28 Ib/in? 
(2.1 m] per min) and a split ratio 1:90. The 
retention time of the derivatized hydrolysate was 
compared to that of authentic samples. 

3! P_NMR. ?' P-NMR spectra were recorded on a 
Bruker WM 200 spectrometer operating in the 
Fourier transform mode at 81.01 MHz with broad 
band !H decoupling at 200 MHz. The pulse length 
was 28 us with a relaxation delay of 1 s, and tbe 
sweep width was 5000 Hz. Chemical shifts are 


given relative to ТРР, used as an external refer- 
ence. All reported shifts are denoted using the 
6-convention, i.e., positive values represent shifts 
to lower field; the chemical shift of TPP compared 
to TMP is 19.68 ppm. 

АП samples, containing 10% (v/v) ?Н.О, had a 
volume of 15 ml and were measured in Wilmad 
tubes with a diameter of 20 mm. The spectra 
represent a time average of 100 scans and were 
recorded at 22? C. Adjustments of the pH of the 
medium were carried out by addition of hydro- 
chloric acid or sodium hydroxide. 

'H-NMR. ! H-NMR were recorded on a Bruker 
WM 500 spectrometer operating at 500 MHz in 
the Fourier transform mode. Spectra were re- 
corded at 24°C in 5 mm Stohler S4 thin-walled 
tubes; chemical shifts are expressed relative to 
TSP (1% ч/у) added as an internal reference. 

Determination of phosphorus pools in intact cells. 
Ortho- and polyphosphates were extracted from 
the cells according to Weimberg [12]. The ortho- 
phosphate in the fractions was determined accord- 
ing to the method of Fiske and SubbaRow [13] 
after acid hydrolysis of the fractions with HCl (pH 
0-1), for 7 min in a boiling water bath. Also, the 
orthophosphate content of the acid hydrolysate of 
the phosphomannan extract was determined in 
this way. 

Spectroscopic detection of polyphosphate. Тһе 
detection of polyphosphate in the supernatants of 
suspensions of delipidized cells was performed 
according to Tijssen et al. [14]. The effect of the 
supernatants on the fluorescence emission spec- 
trum of 4’,6-diamidino-2-phenylindole was mea- 
sured with an Aminco SPF 500 spectrofluorimeter, 
using the excitation wavelength of 340 nm. The 
spectra were recorded with an Aminco SPF 500 
XY-recorder. 


Results and Discussion 


Fig. 1A shows а 81.01 MHz ?!P-NMR spectrum 
of a suspension of the yeast strain A294 under 
anaerobic conditions. The spectrum is recorded in 
the absence of an external energy source, pH, 4.5. 
Following Navon et al. [2] the resonances marked 
Р, and PP аге the inorganic phosphate and poly- 
phosphate pools present in yeast, respectively. In 
the suspension only one inorganic orthophosphate 
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Fig. 1. ?! P-NMR spectrum of an anaerobic suspension of S. ' 
cerevisiae A294 іп the absence of substrate. The cells are 
suspended to a density of 40% wet wt. in a total volume of 15 
ml, pH, 4.5 (A) Intact cells, (B) protoplasts. The spectrum 
represents a time average of 100 scans. Peak assignments are 
made by comparison to known spectra [2]. *X' 1s the unas- 
signed phosphodiester compound; PP is the resonance caused 
by the middle phosphate groups of polyphosphates; TPP is 
used as external standard and assigned arbitrarily at 0 ppm. 


pool can be detected. The resonance labeled P, is 
assigned to intracellular orthophosphate, as exter- 
nal orthophosphate is not present in detectable 
amounts. However, to date, one resonance in the 
yeast NMR spectrum has not yet been assigned 
(resonance “Х?). In view of the relative position of 
this resonance and its pH insensitivity, assignment 
to a phosphodiester moiety has been suggested [2]. 

Fig. 1B shows the ?! P-NMR spectrum of the 
cells after enzymic removal of the cell wall. It is 
clear that peak ‘X’ is absent in the protoplast 
spectrum. This strongly indicates that the pre- 
sumed phosphodiester compound X causing the 
resonance at —24.7 ppm has an extracellular lo- 
calization. Consequently, X may be associated with 
the external surface of the plasmamembrane of the 
cell from which it might have been removed by 
enzymic breakdown of the cell walls, or it may be 
an integral part of the cell wall. 

Fig. 2 shows that X is not a phospholipid. In 
31P.NMR spectra of delipidized cells, peak ‘X’ is 
still present. Obviously the delipidized cells also 
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Fig. 2.  P-NMR spectra of delipidized cells prepared from 6 g 
wet wt. of cells of S. cerevisiae A294, and of the supernatant 
obtained from the suspension at pH 8.2 and adjusted to pH 4.2. 
(A) Suspension of delipidized cells after lipid extraction at pH, 


still contain orthophosphate. In agreement with 
earlier observations (e.g. Ref. 15), the P, peak 
shifts down-field on raising рН, while peak ‘X’ 
stays at —24.7 ppm. It is also of interest to note 
that the polyphosphate peak (PP), not present at 
pH 42 (Fig. 2A), appears at pH 8.2 (Fig. 2B). 
Apparently, at the lower pH, the polyphosphate is 
not detectable in the ?!' P-NMR spectrum of these 
cells. This may be due to a strong binding of 
polyphosphate to the cell wall of the delipidized 
cells at the lower pH,. As a matter of fact, Harold 
and Miller [16] showed that in another fungus, 
Neurospora crassa, polyphosphate forms strong 
complexes with the cell walls, upon breaking down 
the cell membranes by homogenization of the cells. 
They also showed that the polyphosphate is rapidly 
solubilized by alkali (pH 9.2). The appearance of 
the polyphosphate peak in the ! P-NMR spectrum 
of the delipidized yeast cells at higher pH, may 
therefore reflect the solubilization of the polyphos- 
phate initially bound to the cell wall. This is 
supported by the finding that in the ?'P-NMR 
spectrum of the same cells at pH, 8.2, after collect- 
ing them by centrifugation and resuspension in 
medium of pH, 8.2, the polyphosphate peak is 
strongly reduced in intensity (Fig. 2C), but is 
found to be present in the spectrum of the super- 
natant. On lowering the pH, of this supernatant 
the polyphosphate peak remains and does not 
show a shift in position (Fig. 2D). We have also 
observed a red shift in the fluorescence emission 
spectrum of the cationic dye 4’,6-diamidino-2- 
phenylindole in the presence of the supernatant of 
the delipidized cells at pH, 8.2 (data not shown). 
This confirms the presence of polyphosphates in 
the supernatant [14]. Fig. 2 shows that a single 
washing of the delipidized cells in medium of high 
pH, removed most of the ortho- and polyphos- 
phates. The compound causing peak ‘X’, however, 
remains present. Аз a matter of fact, the original 
intensity of peak ‘X’ is not altered by the washing 
(data not shown). This indicates that X is tightly 
bound to the cell wall or to remnants of the 
plasma membrane. 

Relatively abundant phosphodiester com- 





43; (B) same as A after adjustment of pH, to 82; (C) cell 
pellet of B resuspended in medium of pH, 8.2; (D) supernatant 
of cells B after adjustment of pH, to 4.2. See also legend to 
Fig. 1. 


pounds, present in сей walls of yeast, аге the 
phosphomannans [17,18]. We have therefore ex- 
amined whether X could be a phosphomannan. 
For that purpose the phosphomannan is extracted 
from the delipidized cells according to a method 
described by Cawley et al. [7]. Identification of the 
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Fig. 3. Gas chromatogram of the per-O-acetyl aldononitrile 
derivative of the acid hydrolysate of the phosphomannan ex- 
tract from delipidized cells of S. cerevisiae A294 and of deriva- 
tives of commercially obtained pure hexoses. A, a 1 ul injection 
of the derivative of the hydrolysate; B, a coinjection of 0.5 ul 
derivatized hydrolysate with 0.5 ul of a standard pentaacetyl 
mannononitrile; C, a 1 д] injection of a mixture of the deriva- 
tives of mannose (1), glucose (П) and galactose (ПТ). 
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phosphomannan is carried out using several meth- 
ods, 

A thin-layer chromatogram of the extract shows 
only one spot with a positive reaction to molyb- 
date, light blue in colour, indicating the presence 
of a phosphate ester [8]. In addition, the spot gives 
a positive reaction to Schiff’s reagent, blue-grey in 
colour, indicating the presence of an a-glycol 
arrangement [9]. These observations are indicative 
for the presence of a single phosphorylated hexose 
compound in the extract. 

Different lines of evidence show that the hexose 
is a mannose. The melting point of the phenylhy- 
drazone of the hexose liberated by acid hydrolysis 
of the extract is found to be 198? C and compares 
favourably with that of a standard mannose phen- 
ylhydrazone being 199°C [19]. Also, a gas-chro- 
matogram of the per-O-acetylalodononitrile deriv- 
ative of the hexose shows a single peak with the 
same retention time as the mannose derivative 
(Fig. 3A). A co-injection of the derivatized hexose 
and a derivatized mannose standard gives a chro- 
matogram with one peak only (Fig. 3B). The good 
resolution on this system is illustrated by the ap- 
pearance of three peaks with different retention 
times on injecting a mixture of the derivatives of 
mannose, glucose and galactose (Fig. 3C). 

Fig. 4, finally, shows that the ' H-NMR spectra 
of the acid hydrolysate of the extract and that of 
commercially obtained D-(+)-mannose are identi- 
cal, which supports the notion that mannose is the 
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Fig. 4. ‘H-NMR spectra of the acid hydrolysate of the phos- 
phomannan extract and of D-(--)-mannose. A, 0.5 mg of the 
hydrolysate in 300 u1 2Н,0; В, 1.0 mg of D-(--)-mannose in 
300 и1 2,0 provided with 1% TSP. 
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Fig, 5. 3! P-NMR spectra of the phosphomannan extract. 40 mg 
of the extract 1s dissolved ш 15 ml distilled water containing 
10% (v/v) ?Н.О. A, at pH, 42; B, at pH, 10.2. The attenua- 
tion of spectrum B is twice that of spectrum A. PM, phos- 
phomannan. See also legend to Fig. 1 


only hexose present in the extract of the delipid- 
ized cells. 

The yeast used by us contains about 28 mmol 
of phosphorus present in the phosphomannan and 
about 810 mequiv. of phosphorus present in the 
polyphosphates and orthophosphate pools of the 
cell per kg of dry weight. From these data a molar 
ratio of phosphorus in phosphomannan and in the 
remaining phosphorus pools of the cells of 0.035 is 
calculated. A ratio of 0.041 is calculated from the 
relative areas of peak ‘X’ and the sum of areas of 
the peaks of polyphosphate and cellular ortho- 
phosphate in the 3! P-NMR spectrum of the intact 
cells (Fig. 1B). This indicates that peak ‘X’ may be 
caused almost entirely by the amount of phos- 
phomannan present in the cell suspension. 

Fig. 5A and B shows the ?!P-NMR spectra of 
the phosphomannan extracted from the delipid- 
ized cells, at pH, 4.2 and pH, 10.2, respectively. 


Тһе extracted phosphomannan has a resonance at 
the same position as peak ‘X’ and, just as for peak 
*X', the resonance is pH independent over the 
range used. 

The identity of the phosphomannan as the com- 
pound causing peak ‘X’ is further indicated by the 
finding that in the ?!P-NMR spectrum of the 
delipidized cells peak ‘X’ is no longer present after 
the phosphomannan is extracted from the cell 
(data not shown). 

In summary, it is demonstrated that resonance 
‘X’ in the?! P-NMR spectra of yeast cells originates 
from the phosphomannan of the cell wall, thus 
confirming an extracellular localization as indi- 
cated earlier. 
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The actions of insulin, hydrocortisone, prolactin and growth hormone on the synthesis of macromolecules in 
МСЕ-7 cells was determined in a serum-free defined medium. The inclusion of the polyamine spermidine in 
the medium was shown to enhance the insulin stimulation of the rate of |?H]uridine incorporation into RNA 
in a manner similar to that demonstrated for hydrocortisone. Spermidine, in addition to insulin and 
hydrocortisone, was also essential for prolactin to manifest a stimulation of the rate of [?H]uridine 
incorporation; this effect of spermidine was optimal with spermidine concentrations between 1 and 5 mM. 
Prolactin also stimulated the rate of [?H]leucine incorporation into total cellular protein and into an 
isoelectrically precipitable (pH 4.6) phosphoprotein fraction. The actions of prolactin on total protein and 
phosphoprotein synthesis were only expressed if spermidine, in addition to insulin and hydrocortisone, was 
contained in the culture medium. АП of the prolactin responses were observed employing physiological 
concentrations of prolactin. Specificity of the prolactin responses was established by demonstrating that 
porcine growth hormone had no effects on RNA or phosphoprotein synthesis in the MCF-7 cells. 


Introduction 


The human mammary epithelial cell line MCF-7 
has been characterized and studied as an in vitro 
model of normal and neoplastic mammary cells 
since its description [1]. The MCF-7 cell line has 
been shown to possess a specific estrogen receptor 
[2] with an unusual subcellular distribution [3]. 
The original description of the cell line [1] reported 
it to be insulin-dependent for culture growth. Sub- 
sequently, it was demonstrated to be biphasic in 


‚ its response to various estrogen concentrations [4] 


' and responsive to androgens [5]. A receptor for 


glucocorticoid has also been reported in the МСЕ-7 
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cell line [6]. Prolactin has been shown to stimulate 
the specific intracellular 178-estradiol binding 
without any effect on growth rate of the cells [7]. 
The presence of prolactin receptor in MCF-7 cells 
and properties of the interaction between prolactin 
and its receptor have been described [8]. However, 
the demonstration of a specific lactogenic hormone 
response by MCF-7 cells and the resultant produc- 
tion of milk components, such as casein, in a 
defined medium has remained elusive [9]. Accord- 
ingly, we have designed and conducted studies 
attempting to (1) establish serum-free defined 
medium conditions which are required for con- 
tinued cellular metabolism without loss of integr- 
ity or altered biochemical properties, (2) determine 
the optimal hormone levels, enzyme cofactors, and 
metabolic intermediates necessary for cellular 
synthesis of metabolic products which are quanti- 


tatively measurable. and (3) elucidate the time 
sequences of metabolic parameters which are al- 
tered as a result of multiple hormone actions and 
interactions. The characteristics of the insulin 
stimulation of DNA, RNA and protein metabo- 
lism [10] and hydrocortisone enhancement of in- 
sulin's action on the synthesis of these macromole- 
cules in MCF-7 cells [11] have been described. 
Subsequently we demonstrated that similar re- 
sponses could be evoked by insulin and hydrocor- 
tisone in primary epithelial cell cultures from 
mouse mammary glands [12]. The effect of insulin 
at dilution endpoint concentrations on macro- 
molecular synthesis in the primary mouse 
mammary and human breast cancer epithelial 
(MCF-7) cells was recently described [13]. 

In the current investigation we have character- 
ized the minimal conditions of defined medium 
necessary for prolactin to stimulate RNA, protein 
and phosphoprotein synthesis in MCF-7 cells. The 
role of the polyamine spermidine as a permissive 
metabolic agent in these processes is evidenced. 
These results are compatible with our previous 
findings concerning the relationships the 
polyamines have to the expression of prolactin's 
stimulation of casein synthesis in mouse mammary 
gland explants [14]. 


Materials and Methods 


Materials used in these studies were from the 
following sources: bovine insulin (lot 9SH35AE, 
26.1 USP units/ mg), penicillin and streptomycin 
from Eli Lilly (Indianapolis, IN); hydrocortisone 
from Pfizer Laboratories (New York, NY); 
spermidine trihydrochloride from Sigma (St. Louis, 
MO); Hammersten casein from Nutritional Bio- 
chemicals (Cleveland, OH); ovine prolactin (МТН- 
P-S-12) from the National Institutes of Arthritis 
and Metabolic Diseases; Porcine growth hormone 
(P-1120-1) a gift from Dr. Jack Kostyo, University 
of Michigan, School of Medicine, Department of 
Physiology (Ann Arbor, МГ); Bacto-trypsin from 
‘Difco Labs (Detroit, MI); Eagle's minimal -essen- 
tial medium, medium 199 (Earle’s salts), Hanks’ 
balanced salts solution, nonessential amino acids, 
L-glutamine and newborn bovine serum from K.C. 
Biological (Lenexa, KS); tissue culture plates and 
flasks from Coming Glass (Corning, NY); and 
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[5,6-? H]uridine (42.0 Ci/mmol), [methyl-?3H]thy- 
midine (20.0 Ci/mmol), and r-[4,5(n)-? H]leucine 
(59.2 Ci/ mmol) from New England Nuclear (Bos- 
ton, MA). The MCF-7 human mammary epithelial 
cell line was obtained from the Michigan Cancer 
Foundation (Detroit, MI) and maintained in con- 
tinuous culture. 

The MCF-7 cells were cultured in Eagle's 
minimal essentia medium (E-MEM) supple- 
mented with 2X nonessential amino acids, L- 
glutamine (292 mg/l), 10% newborn bovine serum 
(inactivated), penicillin (100 U/ml), streptomycin 
(100 ug/ml), and insulin (1.1076 M). Cultures in 
log growth were harvested with 0.25% trypsin in 
phosphate-buffered saline (pH 7.4). The cells were 
seeded at a density of (0.5—1)-10$ cells/60 mm 
plate in supplemented Eagle's minimal essential 
medium (Earle's salts) and incubated at 37?C in a 
humidified atmosphere of 5% СО,/95% air. This 
medium was aspirated and replaced on day 2. On 
day 4, the medium was removed, the cells were 
washed with 5 ml Hanks' balanced salts solution 
per plate (37°С, 30 min) and then incubated for 
16-24 В in 5 ml/plate serum and hormone-free 
medium 199 supplemented with 2 X nonessential 
amino acids, L-glutamine (292 mg/l) penicillin 
(100 U/ml) and streptomycin (100 pg/ml), as 
previously described [10-13]. 

Experiments concerning hormonal influences on 
RNA synthesis in MCF-7 cells were performed 
using the rate of [?H]uridine uptake and incorpo- 
ration into RNA as a measurement of this para- 
meter, Details of the methods have been previ- 
ously described [10-13]. Following the depletion 
period (16-24 h) in serum- and hormone-free 
medium 199, the cells were incubated in medium 
199 containing hormones in the combinations and 
at the concentrations indicated. A pulse-labeling 
period with [?H]uridine (1 pCi/ml medium 199) 
during the final 30 min of incubation was em- 
ployed. RNA was quantitated by the method of 
Munro and Fleck [15] and the specific activity of 
the ЗН in the RNA was calculated. 

Hormonal influences on protein synthesis were 
investigated by measuring the rates of [>H]leucine 
uptake and incorporation into protein. [3 Н] еџсіпе 
(1 pCi/ml) was present іп medium 199 for a 
terminal pulse-labeling period of 1 h. Protein con- 
tent was quantitated by the method of Lowry et al. 
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[16], and the specific activity of the ЗН in the 
protein was determined. 

Experiments concerned with hormonal in- 
fluences on phosphoprotein synthesis in MCF-7 
cells were assessed by measuring the rate of cellu- 
lar [?H]leucine uptake and incorporation into a 
phosphoprotein fraction of the се! [17]. The extent 
of [^H]leucine incorporation into this phos- 
phoprotein fraction of the cell was measured by a 
variation of the isoelectric precipitation method of 
Ashworth [18]. After a terminal 1 h pulse-labeling 
period with [?H]leucine (1 uCi/ml medium 199) 
the cells were washed with 5 ml Hanks' balanced 
salts solution per plate (0—4? C), overlayed with 1.0 
ml homogenization buffer (0.15 M КС!/0.004 М 
NaH;PO,: НЊ,0/01 M imidazole (pH 6.7)) and 
rapidly frozen in situ. The plates were then thawed, 
the cells were scraped from the plates, the plates 
were washed with 3.0 ml homogenization buffer 
and the combined 4.0 ml were homogenized in a 
ground glass homogenizer with a motor-driven 
pestle. A 1.0 ml aliquot of the homogenate was 
placed in a conical tube and precipitated with 5.0 
ml 0.5 M HCIO, (0-4?C) for determination of 
acid-soluble [?H]leucine uptake and total DNA 
content. Methods of DNA extraction and quanti- 
tation by the diphenylamine procedure of Burton 
[19] have been previously described [10-13]. The 
remaining 3 ml was centrifuged (1000 X g, 5 min), 
and 2.0-ml aliquots of the supernatants were re- 
moved for isoelectric precipitation. To each super- 
natant aliquot, 1 ml of homogenization buffer 
containing 1 mg/ ml bovine casein was added for 
carrier. To each sample, 17.6 ml distilled H,O 
(45°C) was added, followed by 2.5 ml precipita- 
tion buffer (25 ml glacial acetic acid, 125 ml 1 M 
NaOH, 250 mi 95% ethanol, Н,О sufficient to 
make 1 liter (pH 4.6 + 0.02)). The samples were 
mixed, allowed to stand 2-3 ћ at room tempera- 
ture, refrigerated overnight, and centrifuged (5000 
X g, 15 min), the supernatant was decanted, the 
pellet was dissolved in 2.0 ml 5 M glacial acetic 
acid, and the radioactivity in a 1.0 ml aliquot was 
measured by liquid scintillation spectrometry. The 
ЗН in the isoelectric phosphoprotein precipitate 
was expressed ав dpm of [?H]leucine incorporated 
into phosphoprotein per pg cellular DNA per 60 
min. 

Statistical comparisons were made with the Stu- 


dent's t-test when two mean differences were being 
compared; when more than two means were being 
compared, the multiple ;/-test was used. Dif- 
ferences were considered significant with P « 0.05. 


D 


Results 


Table I shows the effects of hydrocortisone, 
spermidine, prolactin and growth hormone in vari- 
ous combinations with insulin, on the rate of 
[*H]uridine uptake and incorporation into RNA 
in MCF-7 cells. The uptake of [*H]uridine, de- 
termined by the quantity of radioactivity in the 
HCIO,-soluble fraction, is not significantly altered 
by any combination of hormones when tested with 
insulin. Using the incorporation of [?H]uridine as 
a measurement of RNA synthesis, several signifi- 
cant differences are noted. The hydrocortisone 
enhancement of insulin's action on RNA synthe- 
sis, which has been previously demonstrated [11] is 
evident at the 12 h incubation period. Spermidine, 
like hydrocortisone, enhances insulin's action on 
RNA synthesis. The combination of insulin, hy- 
drocortisone, and spermidine was not significantly 
different from that of insulin and spermidine, sug- 
gesting nonadditivity of the hydrocortisone and 
spermidine enhancements of insulins action on 
RNA synthesis. Spermidine, like hydrocortisone, 
had no effect on RNA synthesis when tested 
without insulin (data not presented). Prolactin by 
itself, or in combination with insulin, insulin plus 
hydrocortisone, and insulin plus spermidine, failed 
to effect any significant increase in the rate of 
[!H]uridine incorporation into RNA (data not 
shown) However, when combined with insulin, 
hydrocortisone and spermidine, prolactin did sig- 
nificantly increase the rate of [^ H]uridine incorpo- 
ration into RNA when compared to its control 
(insulin, hydrocortisone plus spermidine). Growth 
hormone itself, in combination with insulin, in- 
sulin plus hydrocortisone, or insulin plus spermi- 
dine, did not influence the rate of [?H]uridine 
incorporation into RNA (data not presented). In 
combination with insulin, hydrocortisone and 
spermidine, growth hormone also failed to in- 
fluence the rate of [?H]uridine incorporation (Ta- 
ble I). 

Prolactin at concentrations from 0.1-1000 ng/ 


TABLEI 


EFFECTS OF HYDROCORTISONE, SPERMIDINE, PRO- 
LACTIN AND GROWTH HORMONE ON THE RATE OF 
D'HJURIDINE UPTAKE AND INCORPORATION INTO 
RNA IN MCF-7 CELLS 


MCF-7 cells were exposed to hormones for 12 h at the indi- 
cated concentrations: I, insulin (1-107 $ M); H, hydrocortisone 
(1.1076 M); Spd, spermidine (5 mM); Prl, prolactin (1 pg/ml); 
and G.H., growth hormone (1 pg/ml). [? H]Uridine (1 pCi/ml) 
was present during the terminal 0.5 h of incubation. Values 
given are the mean + S.E. of five separate culture observations. 


Medium (M199--) — HCIO,-soluble [^H]Undine 
[?H]uridine incorporated 
(dpm/pg ЕМА into ЕМА 
рег 30 пип) ‘(dpm/pg ЕМА 
рег 30 min) 
г. 7157 + 636 1010 +43 
LH 6842 +173 1152440* 
I, Spd 6646+ 87 1249+16* 
I, H, Spd 6716 + 302 1294 +424 
I, H, Spd, Prl 7109+227 15664 5° 
I, H, Spd, С.Н 7102+ 80 1313+37 


a Greater than I (P < 0.05). 
> Greater than I, Н, 8ра (Р < 0.05). 


ml elevated the rate of [>H]uridine incorporation 
into ВМА іп the MCF-7 cells (Table II), when 
tested in the presence of insulin, hydrocortisone 
and spermidine. Over this range, a concentration- 


TABLE П 


EFFECT OF PROLACTIN CONCENTRATION ON THE 
RATE OF (?HJURIDINE INCORPORATION INTO RNA 
IN MCF-7 CELLS 


МСЕ-7 cells were incubated in medium 199 containing insulin 
(1, 1-1076 M), hydrocortisone (H, 1-107 M), spermidine 
(Spd, 5 mM) and prolactin (indicated concentrations) for 12 h 
with [?H]uridine (1 pCi/ml) present during the terminal 0.5 В. 
Values in the table represent the mean + S.E. of five separate 
culture observations. 


ee eee eer are eRe ЦЕНЫ 
Prolactin conen. (ng/ml) (?H]Uridine incorporated into RNA 


added to I, H, Spd (dpm/pg RNA per 30 min) 

0 1294 + 24 

1000 1566 + 5° 

100 1530 + 37° 

10 1512415° 

1 1407 + 61 ° 

0.1 1519 +45 * 
0.01 1271 +45 





а Greater than control (P < 0.05). 
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response relationship is not apparent, and below 
0.1 ng/ ml, prolactin is without effect. Concentra- 
tions above 1000 ng/ml prolactin do not further 
increase the rate of [?H]uridine incorporation into 
RNA. 

The effect of spermidine concentration on 
ІЗНІшгіділе incorporation into RNA is demon- 
strated in Table Ш. А 5 mM spermidine con- 
centration is optimal for the prolactin stimulation 
of RNA synthesis, and thus has been employed in 
prolactin-concentration (Table II) and time-course 
(Table IV) studies. 

The time-course of prolactin stimulation of 
[?HJuridine incorporation into RNA in МСЕ-7 
cells is shown in Table IV. The [? H]uridine incor- 
poration rates for the control (I, H, Spd) cultures 
peak at 12-15 h and return to initial levels at 24 h. 
The prolactin-treated cultures (I, H, Spd, Prl) ex- 
hibit a similar pattern, reaching a maximum rate 
of [^H]uridine incorporation at 12-15 h and re- 
turning to the initial levels at 24 h. Further, at 12 
and 15 h the rates of ["Нјипапе incorporation are 
significantly elevated in cultures exposed to pro- 
lactin. The necessity for both hydrocortisone and 
spermidine inclusion in the medium is evidenced 
at the 12 h time period. Cultures containing I, H, 
РИ and I, Spd, РИ exhibit rates of [^H]uridine 
incorporation into RNA significantly lower than 
cultures containing I, H, Spd, (P « 0.05). 


TABLE Ш 


EFFECT OF SPERMIDINE CONCENTRATION ON THE 
RATE OF [?HJURIDINE INCORPORATION INTO RNA 
IN MCF-7 CELLS 


MCF-7 cells were incubated in medium 199 containing combi- 
nations of insulin ( 1-1075 M), hydrocortisone (Н, 1-1076 
М), prolactin (Pri, 1 pg/ml), and spermidine (indicated con- 
centrations) for 12 h with [?H]uridine (1 pCi/ml) present 
during the terminal 0.5 h. Values 1n the table represent the 
mean + S.E. of five separate culture observations 





Spermidine concn. (mM) [?H]Uridine incorporated into ЕМА 


added to I, H, РИ (dpm/ug RNA per 30 min) 
0 1011 +25 
10 1209 + 25 " 
5 1566 + 5° 
1 1438 + 33 * 
0.1 1166177 


8 Greater than control (Р < 0.05). 
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TABLE IV 


TIME COURSE OF PROLACTIN STIMULATION OF 
DPHJURIDINE INCORPORATION INTO RNA IN МСЕ-7 
CELLS 


MCF-7 cells were incubated 1n medium 199 containing combi- 
nations of: insulin (I, 1-1075 М), hydrocortisone (H, 1-1076 
М), spermidine (Spd, 5 mM), and prolactin (Prl, 100 ng/ml) 
for the indicated times (h); [?H]uridine (1 pCi/ml) was present 
during the terminal 0.5 h of incubations, Values in the table 
represent the mean - S.E. of five separate culture observations. 





Time 'H]Uridine 
(в) incorporated into RNA 
(арт/вв RNA per 30 min) 
0.5 I, H, Spd 994 4: 30 
І, H, Spd, Prl 953429 
3 1, H, Spd 1086 + 23 
I, Н, Spd, РИ 1014433 
6 I, H, Spd 1193+22 
I, H, Spd, Pri 1119425 
9 I, H, Spd 1202431 
I, H, Spd, Pri 1206 + 27 
12 I, H, Spd 1391445 
1, H, Spd, Рп 1591418 * 
I, H, РИ 1248435? 
I, Spd, РИ 12643123" 
15 І, H, Spd 1498 +28 
1, H, Spd, Pri 1617119* 
18 I, H, Spd 1320471 
I, H, Spd, Prl 1368 + 39 
21 I, H, Spd 1063 +40 
I, H, Spd, РИ 1108+24 
24 I, H, Spd 898 + 33 
I, H, Spd, РИ 985427 


8 Greater than I, H, Spd (P < 0.05). 
> Less than I, H, Spd (Р < 0.05) and I, H, Spd, Pri (P < 0.01). 


The influences of insulin, hydrocortisone, sper- 
midine and prolactin оп [?H]leucine uptake and 
incorporation into total protein are shown in Ta- 
ble V. As previously demonstrated, insulin stimu- 
lates the rate of [*H]leucine incorporation into 
protein [10], and hydrocortisone enhances insulin’s 
action [11]. Prolactin by itself, combined with in- 
sulin, or combined with insulin plus spermidine, 
failed to increase the rate of [*H]leucine incorpo- 
ration into protein (data not presented). As shown 
(Table V), prolactin also failed to increase the rate 
of [*H]leucine incorporation when combined with 


insulin and hydrocortisone. Only when combined 
with insulin, hydrocortisone and spermidine did 
prolactin stimulate the rate of [?H]leucine incorpo- 
ration into protein. 

The effects of insulin, hydrocortisone, spermi- 
dine and prolactin on the rate of (?H]leucine up- 
take and incorporation into phosphoprotein in 
MCF-7 cells was studied using the hormones indi- 
vidually and in various combinations. In studies 
not presented, we found the following: (a) insulin 
stimulates the rate of [*H]leucine incorporation 
into the phosphoprotein fraction; (b) hydrocor- 
tisone and spermidine individually enhance in- 
sulin's action on phosphoprotein synthesis; (c) 
prolactin, by itself or in combination with insulin, 
insulin plus hydrocortisone, or insulin plus 
spermidine, does not significantly elevate the rate 
of [?H]leucine incorporation into phosphoprotein. 
Table VI shows the effects of various concentra- 
tions of prolactin on the rate of [?H]leucine uptake 
and incorporation into the isoelectrically precipita- 
ble phosphoprotein fraction in MCF-7 cells. Pro- 
lactin concentrations between 10 and 1000 ng/ ml 
stimulated the rate of [?H]leucine incorporation 
into the phosphoprotein fraction. Prolactin con- 
centrations of 1 ng/ ml or less had no effect on the 
rate of phosphoprotein synthesis. A 16 h incuba- 
tion period was chosen for the concentration stud- 
ies, after obtaining the results of a series of time- 
course experiments. 

Fig. 1 shows the time-course of the prolactin 


8 





(dpm/pq ONA/6Omin) 


C3H] Leucine Incorporated into Phosphoprotein 





Time (hours) 


Fig. 1. Time-course of prolactin stimulation of [?H]leucine 
incorporation into phosphoprotein in MCF-7 cells. MCF-7 
cells were incubated in medium 199 containing: 1 (1-1076 M), 
H (1-107$ М), Spd (5 mM) (О ©) or I, H, Spd and 
prolactin (1 pg/ml) (О------ О) for the tume periods indicated, 
D H]Leucine was present during the terminal 1 h of incubation. 
Values in the figure represent the mean + S.E. * Greater than 
control (P « 0.05). 
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TABLE V 


['HJLEUCINE UPTAKE AND INCORPORATION INTO PROTEIN IN MCF-7 CELLS: THE EFFECTS OF INSULIN, 
HYDROCORTISONE, PROLACTIN AND SPERMIDINE 


MCF-7 cells were incubated for 24 h in medium 199 containing combinations of: I, insulin (1:107 М); H, hydrocortisone (1-1076 
М); Spd, spermidine (5 mM); and Ри, prolactin (1 pg/ml); [?H]leucine (1 pCi/ml) was present during the terminal 1 h of incubation. 
Values given are the mean + S.E. of five separate culture observations. 


HC1,0,-soluble [* H]leucine [?H]Leucine incorporated Total protein 
(dpm/pg protein per 60 min) (dpm/ug protein per 60 min) (ng/plate) 
E-M199 44.1 41.3 24.9+0 8 2009 + 143 
1 44.1 51.2 31.5+1.0* 2422+ 88 
ЬН 48.9+08 40.1+1.0° 26584 52 
I, H, Pri 48.3419 424-0Л 26544 96 
I, H, Spd 48.8 + 1.8 37.140.7 27244120 
I, H, Spd, РИ 487+1.0 47.9 +0.7° 2826+ 90 





8 Greater than Е-М199 (Р < 0.05). 
> Greater than I (P « 0.05). 
* Greater than I, H, Spd (P « 0.05). 


response over a 24 h period. Prolactin elevates the 
rate of [?H]leucine incorporation into phos- 
phoprotein at 8 h, reaches a maximum at 16 h, and 
by 24 h the rate returns to control levels. Table VII 
shows the time-course for the effects of (a) I + H, 
(b) 1+ H+ Prl, (с) 1+ H+ Spd, and (d) I+ H + 
Spd + РИ on the rates of [?H]leucine incorpora- 
tion into phosphoprotein, [?H]leucine uptake into 
the HC10,-soluble fraction, and the total DNA 
(ug/ plate). Clearly, prolactin stimulates the rate 
of [?H]leucine incorporation into the isoelectri- 
cally precipitable phosphoprotein fraction only 
when spermidine is present in the incubation 


TABLE VI 


medium (I, H, Spd, Prl vs. I, H, Spd). Also evident 
is an increased amount of [^H]leucine present іп 
the HCIO,-soluble fraction of the MCF-7 cells 
exposed to medium containing I, H, Spd vs. I, H. 
Prolactin did not affect the amount of [?H]leucine 
present in the HCIO,-soluble fraction either in the 
presence or absence of spermidine. The amount of 
DNA present in MCF-7 cultures (и / plate) was 
not significantly different between groups at each 
time point, but an increased amount of DNA was 
present in all groups after 16 and 24 h in culture, 
as previously reported [10,11,13]. 


EFFECT OF PROLACTIN CONCENTRATION ON THE RATE ОЕ [?H]LEUCINE UPTAKE AND INCORPORATION INTO 


PHOSPHOPROTEIN IN MCF-7 CELLS 


MCF-7 cells were incubated for 16 h in medium 199 contaming insulin (1, 1:107 M), hydrocortisone(H, 1-1075 M), spermidine 
(Spd, 5 mM), and prolactin at the concentrations indicated; [7 H]leucine (1 pCi/ml) was present during the terminal 1 h of incubation. 


Values given are the mean + S.E. of five separate culture observations. 





Prolactin concn. (ng/ml) HCIO,-soluble [?H]leucine 

added to I, H, Spd (dpm/pg DNA per 60 min) 
0 664 + 21 
1000 682+ 9 
100 642415 
10 696 + 16 
1 657 +18 
0.1 704 + 20 
0.01 697 + 20 


8 Greater than control (P < 0.05). 


D H]Leucine incorporated Total DNA 
into phosphoprotein pg/plate 
(dpm/pg DNA per 60 min) 
108 + 4.3 350.4 + 8.4 
140+ 2.5 * 342.44 4.8 
130+2.7 * 348.8 + 9.6 
138+4.2* 328.0 8.0 
118+6.8 349.6+ 9.6 
119+7.6 328.8 + 4.8 
94+ 5.7 340.8 + 12.4 
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TABLE УП 


TIME-COURSE FOR PROLACTIN STIMULATION OF [!H]LEUCINE UPTAKE AND INCORPORATION INTO PHOS- 


PHOPROTEIN IN MCF-7 CELLS 


MCF-7 cells were exposed to the hormone combinations indicated: I, insulin (1:1076 M), Н, hydrocortisone (1-107 M), Spd, 
spermidine (5 mM), Ра, prolactin (1 pg/ml). [?H]Leucine was present during the terminal 1 h of incubation. Values given are the 


mean + S.E. of five separate culture observations. 


(?H]Leucine (dpm/ug DNA per 60 min) 








Time(h: 1 4 8 12 16 24 
[^ H]Leucine incorporation 
into phosphoprotein 
LH 153 + 5.6 194 + 77 226 +23.7 183 +167 176 +119 186 +14.2 
I, H, Pri 143 +51 206 + 76 273 3144 184 +26.8 238 +20.6 201 +12.8 
I, H, Spd 157 + 59 199 + 9.9 238 +171 207 +217 238. +15.8 198 +143 
I, H, Spd, Pri 144 + 46 208 +123 297 + 71* 342 +120 366 +13.0° 205 + 71 
[^ H]Leucine HCIO,-soluble 
LH 486 +22 578 +16 753 +26 876 +49 689 +15 715 + 8 
I, H, Pri 499 +20 621 +16 850 +15 805 +14 684 +20 726 +17 
I, H, Spd 507 +16 598 +10 973 418" 1020 417^ 866 +11° 1032 + 6° 
I, H, Spd, Prl 472 +9 678 +18 970 +69 1047 +9 901 +11 1041 +18 
Total DNA (pg/plate) 
LH 131.6+ 56 131.2+ 68 12803 40 135.6+ 6.0 16443. 2.0 168.8 + 2.0 
I, H, Pri 130.8 + 48 133.64 12 126.43 40 136.4 + 2.8 150.4+ 24 162.0-- 8.0 
I, H, Spd 123.64 44 13764 44 13163 12 140.8 + 4.8 1580: 2.0 166.44 32 
I, H, Spd, Pri 13204 48 12404 28 1284- 36 138.84 24 153.64 48 16284 1.6 








* Greater than I, H, Spd (P « 0.05). 
> Greater than I, H (Р < 0.05). 


Discussion 


The role of polyamines in cellular growth and 
differentiation has been studied in numerous bio- 
logical systems, The increase in RNA content dur- 
ing cellular growth and reproduction is often 
paralleled by an increase in spermidine content. 
'This process is proceeded by a marked increase in 
the activity of the enzyme ornithine decarboxylase 
and the intracellular concentration of the poly- 
amine putrescine [14,20]. The hormonal regulation 
of polyamine transport and metabolism in the 
mouse mammary gland explant system was char- 
acterized, and it was also demonstrated that 90% 
of the spermidine taken up by mammary epithelial 
cells remains chemically unchanged [21]. The con- 
trol of polyamine release from growing and 
serum-deprived cells (BHK-21/ C13) suggests that 
growth arrest is accompanied by a decrease in the 
cell content and an increase in the release of 
polyamines from the cells into the culture medium 





[22]. Moreover, studies on the effects of extracellu- 
lar serum (at concentrations as low as 0.595) on the 
stimulation of ornithine decarboxylase activity and 
polyamine biosynthesis in normal and transformed 
cells indicated that intracellular polyamine levels 
may influence other characteristics of cells in cul- 
ture, in addition to the functions related strictly to 
growth [23]. 

We have demonstrated in this study that when 
the polyamine spermidine is present in a serum-free 
defined medium, prolactin stimulates the rates of 
synthesis of specific macromolecules associated 
with phosphoprotein formation in mammary epi- 
thelial cells. The concentrations of spermidine em- 
ployed in these studies resulting in the prolactin 
stimulation of RNA and phosphoprotein synthe- 
sis, are in millimolar levels. These concentrations 
are typical of those in most eukaryotic tissues [20], 
including the mammary gland [14]. The optimal 
concentration range of spermidine necessary for 
prolactin to stimulate the synthesis of these meta- 


bolic products is 1-5 mM. This concentration of 
the polyamine was found in mammary gland ex- 
plants from mice, when stimulated with the three 
hormone combination of insulin, hydrocortisone 
and prolactin [14]. It has furthermore been demon- 
strated that spermidine cannot substitute for hy- 
drocortisone in the prolactin stimulation of RNA 
and phosphoprotein synthesis in MCF-7 cells in- 
cubated in serum-free defined medium. The 
necessity for the presence of both hydrocortisone 
and spermidine for the prolactin stimulation of 
RNA and phosphoprotein synthesis has been dem- 
onstrated. Тһе concentrations of prolactin which 
stimulate RNA and phosphoprotein synthesis in 
MCF-7 human mammary epithelial cells are simi- 
lar to those which stimulate the same activities in 
mouse mammary gland explants [24]. The hormone 
specificity of prolactin's actions in the MCF-7 
mammary cells has been established by showing 
that growth hormone has no effect on RNA and 
phosphoprotein synthesis. 
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Diamide, CDNB and phorone were used to deplete glutathione in retrogradely perfused rat hearts. Following 
glutathione depletion the spontaneous chemiluminescence increased by 70%, irrespective of the agent used. 
The glutathione depletion and the chemiluminescence emission were associated to an increase of 
malondialdehyde content in the heart, as determined by HPLC. Under these conditions the heart function 
was impaired and histological examination showed a coagulative myocytolysis, a pattern already described in 


human and experimental pathology, where a key role is attributed to а Са?” homeostasis impairment. 


Introduction 


The role of lipid peroxidation in the pathogene- 
sis of the ischemic damage of heart membranes 
has been recently postulated [1]. Moreover, some 
antioxidants seem to exert a protective effect 
against myocardial damage following post-ischemic 
reoxygenation [1,2]. In a recent paper [3] we have 
investigated the effect of an oxidative stress, in- 
duced by the infusion of hydroperoxides, on the 
perfused rat heart function, taking advantage of 
the very sensitive technique of organ chem- 
iluminescence detection to monitor the oxidative 
radical reactions. The oxidative stress caused mor- 
phological and functional changes resembling those 
of the so called ‘stone heart’, a pathological fea- 
ture probably related to a sudden impairement of 
intracellular Ca?* regulation [4,5]. 

However, since the infused hydroperoxides may 
act both as peroxidation sparkers and glutathione 
depletors, in the present work we sought to evaluate 


* То whom correspondence should be addressed. 
Abbreviation: CDNB: 1-chloro-2,4-dinitrobenzene. 
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more specifically the role of glutathione depletion 
on chemiluminescence emission, lipid peroxidation 
and morphological and functional alterations of 
the heart. 

Part of this work has been previously presented 
in abstract form [27]. 


Materials and Methods 


Rat hearts were perfused retrogradely according 
to the method of Langendorff, and the chem- 
iluminescence emission was recorded as previously 
described [3]. The GSH depletors were added to 
the Krebs-Henseleit buffer gassed with 95% O, / 5% 
CO, or, in some experiments, with 95% N,/ 5% 
CO,. The perfusion with GSH depletors started 
after a 20 min equilibration period with the 
Krebs-Henseleit buffer alone. The GSH depletors 
used were: 0.2-0.8 mM diamide, 0.1-0.5 mM 
CDNB and 1-5 mM phorone [6]. The electro- 
cardiogram was continuously monitored by an epi- 
cardial electrode. The GSH and GSSG content of 
the hearts was determined by an HPLC procedure 
[7], following derivatization with iodoacetate and 


1-fluoro-2,4-dinitrobenzene. The results were ex- 
pressed as pmoles of GSH or GSSG per gram of 
fresh tissue. An HPLC method for the determina- 
tion of malondialdehyde as thiobarbituric acid-re- 
active material in tissues has been reported [8]. We 
have modified this procedure in two respects: (1) 
an antioxidant (butylated hydroxytoluene) was in- 
cluded in the homogenization and reaction media 
to prevent further peroxidation; (2) esansulfonic 
acid was used as counter ion in the HPLC elution 
mixture, since it appeared to improve the resolu- 
tion by increasing the affinity of the malondial- 
dehyde-thiobarbituric acid chromogen for the sta- 
tionary phase. In this way the retention time could 
be modulated by the gradient and the overlapping 
of the peak with those of 535 nm-absorbing con- 
taminants was avoided. The hearts were homoge- 
nized with a Polytron apparatus in 5 ml of 180 
mM КСІ/10 mM EDTA/50 mM Tris buffer 


containing 0.02% butylated hydroxytoluene. 2 ml. 


of the homogenate were added to a mixture of 
0.67% thiobarbituric acid (2 ml)/20% trichloro- 
acetic acid (5 ml)/10% butylated hydroxytoluene 
in ethanol (0.1 ml). After boiling for 15 min the 
mixture was centrifugated at 3000 x g for 10 min. 
1 ml of the supernatant was then extracted with 1 
vol. of n-butanol, and the organic phase was 
evaporated under a N, stream using a plate warmed 
at 60°C. The residue was then resuspended in a 
small volume of HPLC solvent A (described Ъе- 
low) and injected. The column used as an Ultra- 
shere ODS (Beckman Co., Berkeley, CA). The 
detection was carried out at 535 nm using a Beck- 
man Mod. 165 detector. The chromatographic mo- 
bile phase consisted of 10 mM esansulfonic acid 
(pH 3), as solvent A, and methanol as solvent B. 
The percentage of B rised from 20 to 70% within 
15 min and the flow rate was 0.7 ml/min. The 
quantitation was carried out against a standard 
curve obtained using malondialdehyde tetraethyl- 
acetal as a generator of malondialdehyde. The 
results were expressed as nmol of malondialde- 
hyde per mg of homogenate protein. The protein 
concentration was evaluated by the biuret method 
[9]. After 20 min perfusion with GSH depletors, 
some hearts were processed for conventional light 
microscopy, using hematoxilin-eosin staining. АП 
reagents were of analytical grade. 
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Results 


The glutathione content of isolated perfused rat 
hearts was lowered by adding diamide, CDNB or 
phorone to the perfusion medium (Fig..1). The 
concentrations of diamide and CDNB used were 
the minimal necessary to obtain the complete dis- 
appearance of GSH within 5 min. This was never 
obtained with phorone, even when its concentra- 
tion was 5 mM. Diamide, which is a typical thiol 
oxidant, induced an early increase of GSSG fol- 
lowed by a decrease apparently related to losses 
through the sarcolemma. Such GSSG increase did 
not occur with CDNB or phorone, which en- 
zymatically couple with GSH [6]. GSSG disap- 
peared much more slowly than GSH. It is worth 
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Fig. 1. GSH and GSSG content of rat hearts perfused with 
GSH depletors. The means and the S.D. of three independent 
determinations are reported. 
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noting that if the perfusion was continued in the 
absence of depletors after the complete disap- 
pearance of GSH, GSSG slowly reappeared, sug- 
gesting that resynthesis can take place and that 
GSH is immediately oxidized (data not shown). 
The chemiluminescence emission progressively 
increased following perfusion with glutathione de- 
pletors, and reached a maximum 70% higher than 
the basal level (Fig. 2). The extent of the increase 
of chemiluminescence was the same, irrespective:of 
the depletor used. A plateau was reached when the 
concentration of GSH in the heart was reduced 
practically to nil. The slope of the increase of 
chemiluminescence emission was roughly propor- 


DIAMIDE 
trace 1: 05mM. 
trace 2: 02 mM 


200 
o 1 
= 150 5 
1 $ 
EE M: 
E BECA UNSERES Renee en cse 
CDNB 
trace 1: 0.5 mM 
200 trace 2: 0125 mM 
а 150 | 
а 2 
100 


PHORONE 
trace 1: 5mM 
trace 2. 1 mM 





0 10 20 30 min 


Fig 2. Chemiluminescence of rat hearts upon perfusion with 
GSH depletors At time a the shutter in front to the photomul- 
tiplyer was opened; at time b the perfusion with GSH depletors 
started. 
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Fig. 3. Malondialdehyde content of rat hearts perfused with 
0.125 mM CDNB (0) and control hearts (О). The means and 
the SD of five independent determinations are reported. 


tional to the concentration of the depletor. When 
the glutathione depletors were added to a perfu- 
sion medium where N, was substituted for О, the 
chemiluminescence increase did not occur, and 
when O, was readmitted a burst of chemilumines- 
cence took place followed by a plateau 70% above 
the basal level (results not shown). The chem- 
iluminescence remained high also in experiments 
where the perfusion was continued for variable 
times without the depletor after the complete dis- 
appearance of GSH. The malondialdehyde content 
of the hearts following perfusion with CDNB is 
reported in Fig. 3. It is worth noting that the lag 
phase of malondialdehyde production was shorter 
than the time required for the complete disap- 
pearance of GSH (cf. Fig. 1), indicating that also a 
partial GSH depletion may induce the onset of 
lipid peroxidation. 

The heart function was strongly affected by 
GSH depletors. The functional impairement was 
similar to that observed after perfusion with hy- 
droperoxides, though less dramatic. The heart rate 
progressively declined and the heart stopped after 
30 min. Macroscopically evident hypercontracture 


was present after 30 min. The histological ex- 
amination carried out after 20 min of perfusion 
showed a contraction band necrosis (coagulative 
myocytolysis) involving 50% of the tissue, identical 
to that reported for hydroperoxide perfusion [3], 
which constitutes the typical hystological finding 
of the ‘stone heart’ [5]. 


Discussion 


The role of GSE as a factor in the multilevel 
protection system against free radical damage of 
biomembranes is well established. GSH plays a 
protective role in radiation and oxygen toxicity 
[10], as а substrate for peroxidases [11-13], and it 
was postulated to increase the antioxidant activity 
of vitamin E [14]. Moreover, the GSH depletion 
leads to lipid peroxidation in isolated hepatocytes 
and in homogenates [15,16]. 

We show in this paper that the chemilumines- 
cence emission of the perfused rat heart is in- 
creased following perfusion with GSH depletors. 
A. direct effect of these agents on chemilumines- 
сепсе emission shovld be excluded, since (i) simi- 
lar increases were observed with different GSH 
depletors, and (и) the high chemiluminescence 
emission did not require the continuous presence 
of the depletor as shown inexperiments where, 
after an initial perfusion with these agents, the 
perfusion was continued with depletor-free media. 
Moreover, the chemiluminescence emission de- 
pends on the aerobic metabolism [10], as con- 
firmed here by the decrease following the substitu- 
tion of N, for O, in the perfusion medium. The 
relationship between the formation of chem- 
iluminescent species and the process of lipid per- 
oxidation was well established and discussed by 
Boveris et al. [17] and Cadenas et al. [18]. Chem- 
iluminescence of intact organs or isolated cells 
involves photoemissive reactions of species which 
are formed in essential steps of lipid peroxidation, 
in particular dimol emission of singlet oxygen 
generated by the reaction of peroxy radicals and 
the emission of excited carbonyl groups. In the 
present work, photon emission from the perfused 
heart was too low то allow spectral identification 
of photoemissive species. However, their being 
identical to those involved in lipid peroxidation 
was established by the detection of lipid peroxida- 
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tion products through a highly sensitive and 
specific HPLC analysis of the thiobarbituric acid- 
malondialdehyde chromogen. The increased chem- 
iluminescence emission and the conocmitant 
malondialdehyde production upon GSH depletion 
indicate that this condition leads to an imbalance 
between the peroxidation-sparking reactions and 
the antioxidant capacity of the cells. The constant 
level of malondialdehyde in the control heart, in 
front to the continuous chemiluminescence emis- 
sion, may indicate that the amount of lipid per- 
oxides in the cells represents a steady state be- 
tween formation and degradation and that the 

GSH depletion alters this steady state. 

A functional derangement of the heart follows 
GSH depletion: the hystological examination 
shows a contraction band necrosis identical to that 
observed upon perfusion with hydroperoxides. This 
contraction band necrosis represents the morpho- 
logical counterpart of the damage following post- 
ischemic reoxygenation, where a sudden increase 
of the cytosolic Ca?* is supposed to play a key 
role [5]. Therefore, a complex relationship between 
GSH levels, lipid peroxidation and Ca** regula- 
tion can be envisaged from the above experiments 
and from the following results reported by other 
authors: 

(a) the GSH depletion of liver cells is associated 
with lipid peroxidation [15,16]; 

(b) the GSH depletion is associated with morpho- 
logical changes (bleb formation) in the 
hepatocyte membranes [19], and this fact was 
related to altered Са?+ levels in the cyto- 
sceletal environment; 

(c) bleb formation takes place in isolated myocytes 
following incubation in the presence of cu- 
mene hydroperoxide or diamide [20]; 

(d) the lipid peroxidation alters the cation permea- 
bility through lipid bilayers [21]; 

(e) GSH oxidation and the consequent high 
NAD(P)* /NAD(P)H ratio stimulates Ca?* 
efflux in liver mitochondria [22,23]; 

(f) the oxidative stress inhibits the ATP-depen- 
dent Ca?* uptake by rat liver microsomes [24]; 

(g) lipid peroxidation inhibits the Ca?" uptake 
from sarcoplasmic reticulum [25]. 

Finally, in the light of these observations, also the 

evidence that ischemia depletes the GSH of the 

heart [26] is in agreement with the hypothesis that 
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the ‘stone heart’, consequent to the post-ischemic 
reoxygenation damage, can be due to an impair- 
ment of regulation of the endocellular Ca?* caused 
by lipid peroxidation. 
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Von Willebrand protein was synthesized and secreted by human endothelial cells in culture. Са?” ionophore 
A23187 and phorbol myristate acetate stimulated the release of Von Willebrand protein from the cultured 
cells. Stimulated release was accompanied by the disappearance of rod-like structures from the cultured 
endothelial cells immunostained for Von Willebrand protein, suggesting the existence of a storage ограпейе 
for Von Willebrand protein in these cells (Loesberg, C., Gonsalves, M.D., Zandbergen, J., Willems, C., Van 
Aken, W.G., Stel, H.V., Van Mourik, J.A. and De Groot, Р.С. (1983) Biochim. Biophys. Acta 763, 
160—168). Cultured human endothelial cells were fractionated on a density gradient of colloidal silica. Von: 
Willebrand protein was found in two organelle populations: a buoyant one sedimenting with a variety of cell 
organelle marker enzymes, including those of the Golgi apparatus, mitochondria, lysosomes, peroxisomes, 
endoplasmic reticulum and plasma membrane fragments (peak density of this fraction: 1.08 р • ml !), and a 
dense one with а peak density of 1.12 в * ml ^!. The dense organelles containing Von Willebrand protein were 
apparently free of other organelles. Stimulating Von Willebrand protein release with phorbol myristate 
acetate or Ca?* ionophore A23187 resulted in a decrease or even complete disappearance of Von Willebrand 
protein from the high-density organelle fraction, implying a role of this organelle in the stimulus-induced 
release of Von Willebrand protein. The Von Willebrand protein content of the buoyant fraction was lowered 
to some extent or did not change upon incubation of the cells with ionophore A23187 and phorbol myristate 
acetate. Restoration of Von Willebrand protein content of the dense organelle fraction after stimulation 
occurred within 2 days; this was accompanied by recurrence of immunostaining of rod-shaped structures in 
cells and an increase in cellular Von Willebrand protein. The excretion of restored Von Willebrand protein 
could be stimulated again. 


2 


Introduction 


Von Willebrand protein is the moiety of the 
plasma protein factor VIII-Von Willebrand factor 
complex (reviewed in Refs. 1 and 2) that has a key 
role in the adhesion of platelets to subendothelium 
after micro-vascular injury [3,4]. The bleeding dis- 
order Von Willebrand disease is a result of ab- 
sence of, or defect in, Von Willebrand protein. 


Abbreviation: PMA, phorbol myristate acetate. 


0167-4889 /84 /503.00 © 1984 Elsevier Science Publishers B.V. 


Vascular endothelial cells [5] and megakaryo- 
cytes [6] synthesize Von Willebrand protein. Cul- 
tured human endothelial cells enable the in vitro 
study of Von Willebrand protein biosynthesis 
[5,7-9]. The excretion of Von Willebrand protein 
from cultured human endothelial cells is a con- 
tinuous process. Besides this basal secretion, tran- 
sient extra release of cellular stored Von Wil- 
lebrand protein can be provoked by a variety of 
stimulants like thrombin [10,11], Са?" ionophore 
A23187 and phorbol myristate acetate [11]. The 
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stimulated Von Willebrand protein release de- 
pends on the presence of extracellular Ca?* ions 
[11]. Immunofluorescence studies with cultured en- 
dothelial cells stained for Von Willebrand protein 
show that part of the cellular Von Willebrand 
protein is localized in rod-shaped structures [9], 
which disappear upon stimulation [11]. Immuno- 
electron microscopy studies suggested that these 
rod-shaped structures are identical with Weibel 
Palade bodies [9], endothelial cell-specific organ- 
elles of unknown function [12]. 

So far, the presence of Von Willebrand protein 
in subcellular compartments of endothelial cells 
was demonstrated by immunohistochemical tech- 
niques. In this study, we describe the isolation of 
an organelle containing Von Willebrand protein 
by colloidal silica density gradient centrifugation. 
This isolated organelle might function in the endo- 
thelial cell as a storage pool for Von Willebrand 
protein and is involved in the stimulus-induced 
Von Willebrand protein release. 

Part of the results described here have been 
presented at the IXth International Congress on 
'Thrombosis and Haemostasis, Stockholm, July 
1983 and appeared abstracted in Ref. 31. 


Methods 


(1) Cell culture 

Endothelial cells were isolated from human um- 
bilical cord vein according to the isolation method 
originally described by Jaffe et al. [7], with some 
modifications [13]. The cells were identified as 
endothelial cells by their typical characteristics [7]. 
Cells were cultured in plastic flasks precoated with 
fibronectin or on glass coverslips coated with 
glutardialdehyde-fixed gelatin. Culture medium 
consisted of an equal mixture of RPMI 1640 and 
Medium 199 (both from -Gibco, Paisley, ОК), 
2095 human serum (pool of 24 healthy male 
donors), 2 mM glutamin and the antibiotics peni- 
cillin (100 units: ml^!), streptomycin (100 ug- 
ті71) and amphotericin B (5 шӯ · ml!) (Gibco). 
When human serum had to be omitted from the 
medium, 1% human serum albumin, insulin from 
bovine pancreas (10 ug- ml^!, Sigma, St. Louis, 
MO) and human transferrin (20 ug ml^!, Sigma) 
were added instead [14] to this serum free medium. 


Cells were used in experiments after the third 
passage when the culture had reached confluency. 


(2) Cell fractionation 

(2.1) Harvesting of the cells. Cells were harvested 
with trypsin/EDTA (Gibco) after rinsing the 
monolayer of cells gently with phosphate-buffered 
saline (150 mM МаСІ/10 mM sodium phosphate 
buffer (pH 7.4)). Immediately after all cells had 
detached, as judged by microscopy, 3 vol. of ice- 
cold 20 mM Tris-HCl (pH 7.4)/0.2 M sucrose/1 
mM EDTA/0.2 mg · ті! soybean trypsin inhibi- 
tor (Sigma) were added. The culture flask was 
rinsed with another 3 vol. of this buffer. The 
combined cell suspension was centrifuged for 10 
min at 900 X g, the pellet was resuspended in the 
same buffer, but without soybean trypsin inhibi- 
tor. 

(2.2) Cell homogenate. 5 ml of cell suspension 
was homogenized at 4°C in a 10 ml potter; pestle 
speed at 100 rpm and 20 strokes. 

(2.3) Fractionation of cell homogenate on a col- 
loidal silica density gradient was performed essen- 
tially as described elsewhere [15-17]. A 38 ml 
centrifuge tube was filled with a 2 ml cushion of 
2.5 M sucrose, 24 ml of the colloidal silica material 
and 4 ml of cell homogenate, which was carefully 
layered on top. The colloidal silica material was 
7% Ludox HS40 (a generous gift from Du Pont et 
de Nemours, Wilmington, U.S.A.), supplemented 
with 5% polyvinylpyrrolidone K30 (Fluka, Buchs, 
Switzerland) and 0.25 M sucrose. The pH was 
adjusted carefully to 7.2 with approx. 2 ml 1 M 
НСІ per 500 mi gradient material. The material 
was subsequently filtered over a Schleicher & 
Schüll paper filter No. 595 1/2. 

Тһе self-generating density gradient of the col- 
loidal silica material was allowed to adjust itself 
for 75 min at 100000 x g at 4?C (Sorvall 625 
angle rotor, Kontron ultracentrifuge). l-ml frac- 
tions were collected and frozen until analysis. For 
microscopy, gradient fractions were diluted, and 
organelles were spun down by centrifugation for 
15 min at 4000 Х g on slides for microscopy. Den- 
sity of gradient fractions was assessed by weigh- 
ing. 


(3)Enzymes and Von Willebrand protein 
Lactate dehydrogenase and malate dehydro- 


genase were measured according іо Bermeyer and 
Bernt [18]. Pyruvate, malate and B-NADH were 
from Boehringer, Mannheim (F.R.G.) 

В-Нехоѕатіпійаѕе was assayed as described by 
de Groot et al. [19]; substrate p-nitrophenyl-2- 
acetamido-2-deoxy-8-pD-glucopyranoside was from 
Koch-Light (Colnbrook, U.K.) UDPgalactosyl- 
transferase and 5’-nucleosidase were assayed as 
described by Brew et al. [20] and Avruch and 
Hoelz] Wallach [21], respectively; UDP['^C]galac- 
tosyl and [>H]adeninemonophosphate were from 
Amersham International, Amersham, U.K. 
NADPH-cytochrome c reductase and catalase were 
assayed according to the method of Phillips and 
Langdon [22] and Meerhof and Roos [23], respec- 
tively. Protein was estimated according to Brad- 
ford [24], with human albumin as standard. 

Von Willebrand protein was determined by an 
immunoradiometric assay as factor-VIII-related 
antigen, essentially following the method described 
by Ruggeri et al. [25]; instead of purified poly- 
clonal IgG monoclonal antibodies [26] CLB-Rag- 
21, CLB-Rag-35 and CLB-Rag-201 were used as 
indicator antibodies. Polyclonal rabbit-Rag anti- 
bodies serves as the solid phase. Pooled normal 
plasma served as standard. The lower detection 
limit of this Von Willebrand protein assay was to 
1074 units- ml *. 1 unit of Von Willebrand pro- 
tein is the amount present in 1 ml pooled normal 
plasma (approx. 20 ug - ml^!). 


(4) Immunofluorescence 

Cells were extensively washed with phosphate- 
buffered saline (Methods, section 2.1) and fixed 
with methanol for 15 min at room temperature, 
incubated with murine monoclonal antibody CLB- 
Rag-1 against human Von Willebrand protein [26] 
and subsequently incubated with FITC-labeled 
goat anti-mouse IgG. Preparations were embedded 
in 10% glycerol. 


(5) Miscellaneous 

Ca^* ionophore A23187 (Boehringer, Mann- 
heim, F.R.G.) and 4-8-phorbol 12-myristate 13- 
monoacetate (Sigma) were dissolved in dimethyl- 
sulfoxide (Merck, Darmstadt, F.R.G.). Dimethyl- 
sulfoxide concentration in the medium did not 
exceed 0.1% (v/v). 
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Results 


(1) Isolation of an organelle containing Von Wil- 
lebrand protein 

(1.1) Latency of Von Willebrand protein in cul- 
tured endothelial cells. In Fig. 1., sedimentability of 
Von Willebrand protein, lactate dehydrogenase 
апа fi-hexosaminidase is given. Endothelial cells 
were homogenized іп a Potter-Elvejhem; cells were 
broken up readily under these conditions, since 
most of the lactate dehydrogenase — a cytosolic 
marker — was relased after a few strokes with the 
Potter-Elvejhem homogenizer. Von Willebrand 
protein and f-hexosaminidase - a lysosomal 
marker — could be sedimented, except for a minor 
part, which was released gradually during potter- 
ing. This indicates that in endothelial cells, Von 
Willebrand protein was present in organelle-like 
structures. 

(1.2) Density gradient fractionation of endothelial 
cell homogenate. On a colloidal silica density gradi- 
ent, endothelial cell homogenate was found to 
contain two distinct populations of cell con- 
stituents containing Von Willebrand protein (Fig. 
2A). One population of cell particles with Von 
Willebrand protein sedimented to high density in 
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Fig. 1. Sedimentabihty of Von Willebrand protein (№ 
B-hexosaminidase (6 Ф) and lactate dehydrogenase 
(4 A) in cultured human endothelial cells. Cell suspen- 
sion was homogenized in a Potter-Elvejhem instrument, aliquots 
of the homogenate were withdrawn and centrifuged for 5 mm 
at 8000x g. Supernatants were assayed for Von Willebrand 
protein, B-hexosaminidase and lactate dehydrogenase; per- 
centage of total activity liberated from cell structures was 
determinated. Data represent the mean of two experiments, 
two determinations per experiment. 
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the colloidal silica gradient; they had a density 
ranging from 1.11 to 1.18 g- ml ^! with the peak at 
approx. 1.12 g- ml^!. No substantial activity of 
other known organelle marker enzymes could be 
found at this density. Also, the protein concentra- 
tion was below the detection limit (Fig. 2B). Von 
Willebrand protein contents in the high-density 
particles accounted for 20-65% of the total amount 
of Von Willebrand protein recovered from the 
gradient (Table I). The second Von Willebrand 
protein containing population of cell constituents 
was present at а peak density of 1.08 g- ml !. In 
contrast to the dense fraction, this buoyant frac- 
tion with Von Willebrand protein contained en- 
zyme activities for mitochrondria (malate dehydro- 
genase), lysosomes (f-hexosaminidase), endo- 
plasmic reticulum fragments or microsomes 
(NADPH-cytochrome с reductase), the Golgi ap- 
paratus (UDPgalactosyltransferase), plasma mem- 
brane fragments (5’-nucleosidase), peroxisomes 
(catalase), DNA from nuclei (ethidium bromide 
fluorescence, results not shown) and considerable 
amounts of protein (Fig. 2). Lactate dehydro- 
genase, marker of the soluble сей constituents or 
cytoplasma, stayed in the top fractions. Consider- 
able amounts of the cell protein and 5-20% of the 
Von Willebrand protein (Table I) were also re- 
covered from the soluble fraction (Fig. 2). A minor 
part of soluble marker enzymes from disrupted 
organelles was also found in the top fractions. 





Fig. 2. Von Willebrand protein and cell-organelle markers in 
fractionated endothelial cell homogenate. Fractionation was on 
a density gradient of colloidal silica. (A) Von Willebrand 
protein ( ) in gradient fractions and density (- - - - - - ) of 
colloidal silica after centrifugation. (B) Protein ( ) de- 
termined according to Bradford [22] and NADPH-cytochrome 
с reductase (- - - - - - ) (microsomes, endoplasmic reticulum). (С) 
Lactate dehydrogenase ( ) (cytosol) and malate dehydro- 
genase (------ ) (mitochrondria and cytosol). (D) Catalase 
( ) (peroxisomes) and B-hexosaminidase (- - - - - - ) (lyso- 
somes). (E) UDP-galactosyltransferase ( ) (Golgi ap- 
paratus) and 5’-necleotidase (- - - - - - ) (plasma membrane). Von 
Willebrand protein and marker enzyme activity are presented 
as percentage of total activity recovered from the colloidal 
silica gradient. Recoveries from gradients were within 70 to 
130% of applied cell homogenate; interference of gradient 
material was corrected for. The marker-enzyme profiles were 
typical for at least three experiments; the ones shown here were 
not from the same run. 

















ТАВГЕ 1 


DISTRIBUTION OF VON WILLEBRAND PROTEIN IN 
ENDOTHELIAL CELL HOMOGENATE FRACTIONATED 
ON A COLLOIDAL SILICA DENSITY GRADIENT 


Von Willebrand protein distribution is given as percentage of 
total amount recovered from the gradient. Recovery was 
70-90% of the amount applied on the gradient. The soluble 
fractions were defined as those fractions containing more than 
95% of the lactate dehydrogenase activity and having a density 
lower than 1.06 g-ml^!; the buoyant fractions with cell 
organelles had a density around 1.08 g- пл!“ !, and the hugh-den- 
sity organelle fractions sedimented to a peak density around 
1.12 g: ml ^! (see also Fig. 2A). 


Experiment Von Willebrand protein (%) 


Soluble fraction Buoyant fraction Dense fraction 


1 17.5 50.1 324 
16.0 51.3 327 
2 127 72.9 144 
8.9 66.2 24.9 
3 2.6 357 617 
4 16.3 37.9 45.8 
5 13.5 41.6 44.9 
6 11.5 227 65.8 ^ 
7 152 31.4 à 53.4 
8 18.2 327 491 
9 5.7 517 42.6 
9. 7.0 491 43.9 
11 6.6 67.7 25.7 
12 13.4 717 149 
13 10.7 40.7 48.6 
14 84 34.8 56.8 
15 6.7 59.5 33.8 
16 3.6 26.3 70.1 
17 11.0 49.1 39.9 


At a density of 1.11 g-ml~! minor amounts of 
B-hexosaminidase activity were recovered occa- 
sionally, most likely from residual bodies, as re- 
ported by Rome et al. [15]. When a detectable 
amount of B-hexosaminidase activity at 111 g- 
тї! was found, it did not comprise more than 5% 
of total B-hexosaminidase activity recovered from 
the density gradient (Fig. 3). 

After recentrifugation of gradient fractions on 
fresh colloidal silica gradients, ' fractions reap- 
peared at the same density. Lactate dehydro- 
genase, f-hexosaminidase and Von Willebrand 
protein were evaluated in these recentrifugation 
experiments (Fig. 3). No shift of Von Willebrand 
protein from the dense pool of particles to the 
buoyant and soluble fraction was observed. Part of 
the Von Willebrand protein from the buoyant 
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Fig 3. Recentrifugation of buoyant and dense particles with 
Von Willebrand protein obtained with a colloidal density gradi- 
ent. Fractions indicated were pooled, diluted 1:1 with homoge- 
nizing buffer (Methods 2.1), applied on fresh colloidal silica 
material and centrifuged (A) Von Willebrand protein 1n endo- 
thelial сей homogenate fractionated on a colloidal silicia den- 
sity gradient ( у; recentrifuged buoyant particles (- - - -); 
dense particles (9e) and soluble fraction (+... + ) (B) £- 
Hexosamunidase as іп А. (C) Lactate dehydrogenase as іп A. 
Amounts of proteins were corrected for dilution of recentri- 
fuged fractions. 





fraction appeared at high density, presumably de- 
rived from membrane encapsulated organelles 
freed before the second centrifugation. 

Immunofluorescent staining for Von Wil- 
lebrand protein of the dense organelle fraction 
showed, similar to the endothelial cells [9,11], that 
the dense fraction contained rod-like structures. 
Von Willebrand protein in cell'homogenate and in 
the buoyant gradient fraction was present both in 
vesicles and in a few rod-shaped structures (data 
not shown). 
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Fig. 4. Solubilized Von Willebrand protein from endothelial 
cells, buoyant and dense particles on colloidal silica. density 
gradient. Endothelial cell homogenate was freeze-thawed twice 
in the presence of 0.2% Triton X-100 and applied on a colloidal 
silica density gradient ( ). Buoyant and dense particles 
were obtained by fractionating endothelial cell homogenate, as 
shown іп Fig. 2, freeze-thawed and applied on a colloidal silica 
density gradient; buoyant (- - - - + + ) and dense ( о) particles. 





To exclude the possibility that the dense frac- 
tion with Von Willebrand protein arose from pre- 
cipitation of free Von Willebrand protein, solubi- 
lized Von Willebrand protein was centrifuged on 
colloidal silica density gradients (Fig. 4). Solubi- 
lized Von Willebrand protein from endothelial 
cells that had been freeze-thawed in the presence 
of 0.2% Triton X-100 stayed in top fractions when 
centrifuged on a colloidal silica density gradient. 
Lactate dehydrogenase and [-Һехоѕатіпійаѕе 
showed the same behavior (data not shown). Von 
Willebrand protein from freeze-thawed buoyant 
and dense organelle fractions stayed in top frac- 
tions (Fig. 4), as did Von Willebrand protein puri- 
fied from plasma. 


(2) Characterization of the high-density Von Wil- 
lebrand protein organelle 

Homogenates of cultured endothelial cells, 
which had been treated with PMA or Ca?* iono- 
phore A23187, were centrifuged on colloidal silica 
density gradients. Stimulation of Von Willebrand 
protein excretion with PMA or Са?* ionophore 
A23187 resulted in decrease of the Von Wil- 
lebrand protein content of both buoyant and dense 
fractions (Table II). Loss of Von Willebrand pro- 
tein was preferentially from the, high-density 
organelle fraction. With Ca^* ionophore A23187, 


TABLE II 


EFFECT OF IONOPHORE A23187 AND THE PHORBOL 
ESTER PMA ON THE SUBCELLULAR LOCALIZATION 
OF VON WILLEBRAND PROTEIN 


Endothelial cells were incubated for 1 h with ionophore A23187 
or PMA. Cell homogenates were subsequently fractionated by 
colloidal silica density centrifugation. Von Willebrand protein 
is expressed as the percentage of total content recovered from 
gradient on which a parallel control incubation was fractionated. 
Fractions are defined as in Table I 


Stimulus, concn Von Willebrand protein (%) 


Soluble Buoyant Dense 

fraction fraction fraction 
A23187, 10 uM 7.1 436 28.8 
Control 13.5 41.6 44.9 
A23187, 20 uM 7.0 34.6 14 
Control * 16.7 50.7 32.6 
A23187, 20 uM 3.0 31.0 1.6 
Control 89 66.4 247 
РМА, 100 ng: ml ^! 3.0 36.5 00 
Control 6.0 60.0 34.0 
PMA, 100 ng: ml ^! 1.6 35.7 0.0 
Control 6.6 67.7 25.7 





a dose-dependent removal of Von Willebrand pro- 
tein fromt he high-density particle fraction was 
Observed. Treatment of the cells with PMA re- 
sulted in a complete or near complete disap- 
pearance of Van Willebrand protein from the 
high-density fraction. Von Willebrand protein 
content of the buoyant fraction was not reduced 
after treatment of cells with 10 pM ionophore 
A23187 and reduced to 50% of control after treat- 
ment with 20 uM Ca?* ionophore A23187 or 100 
ng: ml“! PMA. 

Culturing endothelial cells after a 1 h PMA 
pretreatment for 2 days in serum-free medium 
resulted in a recovery of the Von Willebrand pro- 
tein content in the high-density fraction (Fig. 5A). 
No detectable amount of Von Willebrand protein 
was left in the dense organelle fraction after the 1 
h incubation of endothelial cells with PMA (Fig. 
5A). The Von Willebrand protein content in high- 
density organelles, which was restored with 2 days 
of culturing, could be reduced by a second PMA 
treatment (Fig. 5B). This suggested release of a 
newly formed storage pool of Von Willebrand 
protein in high-density organelles. Immunofluores- 
cence studies carried out concurrently with the 
density gradient experiments showed disap- 


von Willebrand protein (т/-тіг1) 
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Fig. 5. Von Willebrand protein in endothelial cell homogenate 
fractionated on a colloidal silica gradient; influence of the 
phorbol ester PMA. Cultured endothelial cells were ireáted 
with PMA, 100 ng-ml ^! for 1 h and subsequently cultured for 
2,days with serum-free medium. PMA-treated cultures were 
again stimulated with PMA, 100 ng-ml^! for 1 h. Homo- 
genates of cultures were fractionated on a colloidal silica den- 








sity gradient. (A) PMA-treated at day 0 ( ), PMA рге- 
treated at day 0 and cultured for 2 days (------ ). (B). PMA 
pretreated at day 0, subsequently cultured for 2 days ( ) 
and again stimulated for 1 h with PMA (------ ). 


pearance of the rod-shaped structures with Моп 
Willebrand protein from the cultured endothelial 
cells after a 1 h treatment with PMA (Fig. 6 A and 
B). Within 2 days of culturing the cells after PMA 
pretreatment, these rod-shaped structures with Von 
Willebrand protein reappeared (Fig. C and D). 


Discussion 


It was shown previously [9,11] that Von Wil- 
lebrand protein in cultured endothelial cells was 
located in distinct vesicular structures. Further, it 
has been demonstrated that upon stimulation with 
various stimuli, including thrombin, ionophore 
А23187 and the phorbolester PMA, endothelial 
cells in culture rapidly release their Von Wil- 
lebrand protein content, independent of protein 
synthesis [10,11]. 

It has been suggested that the vesicular struc- 
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tures seen in endothelial cells by immunostaining 
for Von Willebrand protein are secretory in nature 
[9,11]. This seems likely, but has never been dem- 
onstrated. Here, we provide evidence that these 
structures containing Von Willebrand protein are 
associated with stimulus-induced secretion. 

Upon fractionation of an endothelial cell homo- 
genate by colloidal silica density gradient centrifu- 
gation, two fractions of cell particles were ob- 
tained which contained Von Willebrand protein 
(Fig. 2). A fraction with relatively high density 
(1.12 g-ml~') apparently containing only Von 
Willebrand protein, and a more buoyant fraction 
(1.08 g - ml ^!) with Von Willebrand protein asso- 
ciated with a number of enzymes that are markers 
for well-defined subcellular structures including 
lysosomes, mitochrondria, Golgi apparatus, per- 
oxisomes, fragments of plasma membrane and en- 
doplasmic reticulum and nuclei. 

A number of observations suggest that the dense 
organelles containing Von Willebrand protein are 
secretory granules. Upon. stimulation, the Von 
Willebrand protein content of the dense fraction 
decreased concomitantly with a decrease of granu- 
lar fluorescence in the cells. This was accompanied 
by accumulation of Von Willebrand protein in the 
medium. Restoration of granular appearance of 
Von Willebrand protein immunofluorescence fol- 
lowing stimulus-induced degranulation was associ- 
ated with an increase of Von Willebrand protein 
content of the dense organelle fraction. The newly 
formed granules again were secretory in nature 
(Fig. 5B). 

Immunoelectron microscopy studies suggested 
that the rod-like organelles containing Von Wil- 
lebrand protein were identical ю Weibel Palade 
bodies [9]. As demonstrated by electron micro- 
scopy, the endothelial-cell-specific Weibel Palade 
bodies appeared to be secretory in nature [27,28], 
although the content of the Weibel Palade body 
was not identified. These findings .provide tenta- 
tive evidence that the secretory granules contain- 
ing Von Willebrand protein, isolated from cul- 
tured endothelial cells, might be identical with 
Weibel Palade bodies. However, definite proof 
must be obtained by electron microscopy studies. 
Problems were encountered in preparation of 


. gradient fractions for electron microscopy because 


of the presence of silica. 
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Fig. 6. Von Willebrand protein in cultured human endothelial cells. Indirect immunofluorescence pattern with a monoclonal antibody 





to von Willebrand protein and FITC-labeled goat anti-murine IgG. Endothelial cells were grown on coverslips. (A) Endothelial cells 


(B) Endothelial cells treated with the phorbol ester РМА, 100 ng-ml 


! for 1 h. (C) and (D) Endothelial cells incubated with phorbol 


ester PMA as in B and subsequently incubated with serum free medium for 1 and 2 davs respectively 


The buoyant fraction of the colloidal silica den- 
sity gradient contained most of the cell organelles, 
as demonstrated by the presence of the different 
markers. Von Willebrand protein in the buoyant 
fraction might originate from the endoplasmic re- 
ticulum system, remnants of the extracellular ma- 
trix [29], dense organelles entrapped in membrane 
vesicles during homogenation and possibly resid- 
ual whole cells. Loss of Von Willebrand protein 
from the buoyant gradient fraction after stimula- 
поп of cells with PMA could be explained by 
taking into account the presence of incompletely 
broken cells and entrapped secretory granules in 
this fraction. Indicative of this phenomenon was 
the finding that Von Willebrand protein organelles 
were found at high density when the buoyant 
fraction was recentrifuged (Fig. 3). It could not be 
excluded, however, that the endothelial cells in 


culture contained two pools of secretory granules 
with Von Willebrand protein which differed in 
density. Since poly(vinyl pyrrolidone) formed part 
of the gradient material and may precipitate the 
factor-VIII complex [30]. it was necessarv to ex- 
clude the possibility that the high-density fraction 
with Von Willebrand protein was due to artifact- 
ual precipitation. However, soluble Von Wil- 
lebrand protein from disrupted endothelial cells, 
buoyant and dense organelle fractions, and Von 
Willebrand protein purified from plasma stayed in 
top fractions when centrifuged on colloidal silica 
(Fig. 4) 

Гһе technique described in this paper not only 
provides a means to identify further and char- 
acterize the structural organization of the secretory 
granules and their content, but also to study in 
more detail the biosynthetic pathway, assembly 


and intracellular storage of Von. Willebrand pro- 
tein. 
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MULTIPLE EFFECTS OF INTERFERON ON MYOGENESIS IN CHICKEN MYOBLAST 
CULTURES 
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Effects of chicken interferon on the differentiation of chicken skeletal muscle in vitro were examined. 
Continuous treatment of chicken myoblast culture with 200 IU / ml of interferon (10 IU / тр protein) 
resulted in significant inhibition of cell fusion and subsequent myotube formation. However, treatment of 
myoblast culture with 2 to 200 IU / ml of interferon increased activities of creatine kinase and myokinase in 
4- or 6-day cultured muscle cells in a dose-dependent fashion. The effect of interferon on myokinase was less 
than on creatine kinase. Three-fold increase in creatine kinase activity induced by interferon was not 
accompanied by the accelerated transition of creatine kinase isozyme from BB- to MM-type. On the other 
hand, accumulation of acetylcholinesterase in interferon-treated cells at day 6 was suppressed to nearly half 
the level of control cells. Rates of actin and myosin synthesis in 4-day cultures estimated by pulse-labelling 
with [ ^S]methionine were also suppressed to 85% of control cultures. However, a proportion of *°S-labelled 
actin and myosin in labelled proteins associated with glycerinated cells was not changed by interferon 
treatment. These results indicate that partially purified interferon has multiple effects on the process of the 
myogenic differentiation of chicken myoblast in vitro. 


(EC 2.7.3.2) myokinase (EC 2.7.4.3) and 
acetylcholinesterase (ЕС 3.1.1.7) rapidly accu- 


Introduction 


Interferon exerts various non-antiviral effects 
on cells, such as the reduction of growth rate [1] 
and the suppression of virus-induced fusion of 
cells [2-5] by inducing alterations in plasma mem- 
branes, cytoskeletal structures and metabolic activ- 
ities [6-11]. Interferon is also known to modulate 
cell differentiation in vitro [12-15]. Myogenesis in 
vitro seems to be suitable for the study of non-an- 
tiviral actions of interferon on cell fusion and 
differentiation. Myoblasts from chicken and mam- 
malian embryos proliferate, differentiate and fuse 
in culture, to form multinucleated myotubes. Dur- 
ing the myogenic process the amount of contractile 
proteins and enzymic activities of creatine kinase 


Abbreviation: Hepes, 4-(2-hydroxyethyl)-1-piperazineethane- 
sulphonic acid. 
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mulate in cells to a high level [16-19]. Recently, 
Lough et al. [20] reported inhibitory effects of 
chicken interferon on myogenic events during the 
differentiation of skeletal muscle in vitro. 

In this paper we report that chicken interferon 
has multiple effects on the differentiation of cul- 
tured chicken myoblasts. Namely, interferon 
enhances the accumulation of creatine kinase and 
myokinase in muscle cells in a condition in which 
the fusion of myoblasts and the accumulation of 
acetylcholinesterase are markedly inhibited. 


Materials and Methods 
Cell cultures. Muscle cell cultures were prepared 


from thigh muscles of 11- or 12-day-old chick 
embryos, as described previously [21]. Briefly, 


(1.5-2.2). 107 cells were seeded оп a gelatin-coated 
150 mm petri dish and maintained іп Eagle's 
minimal essential medium, containing 15% horse 
serum and 5% chick embryo extract, for 16 to 18 
h. Secondary cell suspension was prepared from 
primary cultures to eliminate fibroblasts and to 
enrich myogenic cells in culture. About 3.2- 10? 
cells were inoculated on a gelatin-coated 35 mm 
dish, unless otherwise stated, and were grown in 
the nutrient medium described above. Cultures 
were fed fresh nutrient medium every 2 days. 
When cultures were treated with interferon from 
day 1, interferon was added 6 h after plating. 

Interferon. Partially purified chicken interferon, 
which was induced by ultraviolet-inactivated New- 
castle disease virus in chicken embryo fibroblasts 
in primary culture, was kindly supplied by Dr. M. 
Kohase, National Institute of Health, Japan. The 
specific activity of interferon was 1.0- 10* IU/mg 
protein. 

Fusion index. Duplicate cultures treated with or 
without interferon were fixed with 100% methanol 
for 10 min and stained with 10% Giemsa solution 
in phosphate-buffered saline (pH 6.8) for 20 min. 
Nuclei were counted under a microscope with an 
evepiece grid. For each dish, 20 randomly selected 
microscopic fields were examined, and in total 
1600-2500 nuclei were counted. The extent of cell 
fusion is expressed as a fusion index, Le. the 
percentage of nuclei found in multinucleated cells. 

Assay of enzyme activities and contents of DNA 
and protein. Cells were scraped from dishes with а 
rubber policeman, washed by suspending in Eagle's 
minimal essential medium and dispersed in 0.5 ml 
of 20 mM mM Tris-HCl] buffer (pH 8.0). The cells 
were disrupted by brief sonication. Creatine kinase 
activity and myokinase activity were measured by 
the method described by Kuby et al. [22] and 
Shainberg et al. [18], respectively. For determina- 
tion of activity of acetylcholinesterase, Triton. X- 
100 was added to cell homogenates to a concentra- 
tion of 0.1%. The enzyme activity was measured in 
the presence of 0.1 mM tetraisopropylpyrophos- 
phoramide, according to the procedure described 
by Ellman et al. [23]. One unit of enzyme activity 
is the amount which catalyzes the formation of 1 
p mol product/min at 30°C for creatine kinase 
and at 37°С for the other two enzymes. 2-5A 
synthetase activity was estimated as described pre- 


371 


viously [4]. For 2-5A synthesis assay. cells de- 
tached from three dishes were sonicated in 0.15 ml 
of 20 mM Hepes-KOH buffer (pH 7.4)/60 mM 
magnesium acetate/0.2 M KCI, and 80 pl of the 
sonicate was used for enzyme assay. DNA content 
of cell homogenates was measured by indole reac- 
tion [24]. and protein content was determined by 
the method of Lowry et al. [25]. 

Zone electrophoresis. Electrophoresis was per- 
formed in 0.05 M barbital/0,01 M 2-mercapto- 
ethanol (pH 8.6) on cellulose acetate strips at 0.6 
mA /ст for 120 min. The strips were stained for 
creatine kinase activity as described previously 
[26]. 

Actin and myosin synthesis. Muscle cultures were 
washed with Eagles minimal essential medium 
and labelled for 90 min with [S]methionine (20 
pCi/ml; Amersham) in minimal essential medium 
with 200-fold reduction in the methionine con- 
centration. The cultures were rinsed with minimal 
essential medium and kept in 50% glycerol /50% 
standard salt solution at 4?C for 4 days [27]. 
Standard salt solution consisted of 0.1 M KCI/5 
mM MgCl,/6 mM sodium phosphate buffer (pH 
7.0). The glycerol solution was removed, and the 
preparations were rinsed with standard salt solu- 
üon, scraped into standard salt solution and pre- 
cipitated by centrifugation at 3000 rpm for 5 min. 
The pellets were solubilized with 100 ul of sample 
buffer for electrophoresis, 0.15 M Tris-HCl (pH 
6.8)/30% sodium dodecyl sulphate (SDS)/3% 2- 
mercaptoethanol /30% glycerol, and were applied 
on a gel for electrophoresis. Slab gel electrophore- 
sis was done in gel of 12.5% acrylamide containing 
0.1% SDS. Bands of actin (molecular weight 43 000) 
and myosin heavy chain (molecular weight 200 000) 
were located by fluorography [28]. Radioactivities 
in these bands were determined by cutting the 
dried gel and counting the activities in ACS H 
scintillant (Amersham). 





Results 


Effects of interferon on myotube formation 
Myoblast fusion and morphological changes 
during myogenic differentiation in control and 
interferon-treated cultures were studied by de- 
termining fusion indexes and by microscopic ob- 
servation. As shown in Fig. 1, morphological dif- 


ferences between control and interferon-treated 
cultures were observed bv day 4 after the begin- 
ning of interferon treatment. Many long and thick 
myotubes having cluster of nuclei at their periph- 
eral or branching regions developed in control 
cultures (Fig. 1c). but short and thin myotubes 
were formed in interferon-treated cultures (Fig. 
Id). At day 6, myotubes in control cultures be- 
came longer and wider, whereas the development 
of myotubes in interferon-treated cultures re- 
mained inhibited (Fig. le and f). Fig. 2а shows 
that myoblast fusion was initiated at 43 h and 
completed by 80 В after plating in high-density 
cultures. The addition of interferon (100 IU/ml) 
to cultures resulted in a reduction of the r fusion 


indexes to about 40% of those of control cultures 
at 90-117 h after plating. However, when the 
interferon-treatment started after the onset of fu- 
sion (at day 3), subsequent fusion was not in- 
hibited significantly (Fig. 2b), suggesting that the 
anti-fusion state is efficiently induced in myoblasts 
prior to fusion. To confirm that diminished forma- 
tion of myotubes can be attributed to an action of 
interferon, we examined responsiveness of muscle 
culture to interferon by estimating 2-5A synthetase 
activity induced by interferon. Myoblast cultures 
were treated with interferon from 48 to 72 h after 
the time of plating. Synthesis of radioactive 2-5А 
in extracts of cells treated with 10 and 100 IU /ml 
of interferon was 190 апа 2909 cpm/80 ul рег 25 





Fig. 1. Inhibition of myotube formation by interferon-treatment. Myoblasts were cultured for 2 days (a. b) or 4 days (c. d) in the 


absence (а, c) or presence (b, d) of 100 IU/ml of interferon, and photographs were taken under phase-contrast microscope ( < 62.5). 
Myotubes formed after 6-days cultivation in a control dish (e) and in a dish treated with 200 IU/ml of interferon (f) ( X 125) 


Fusion index (%) 





2345 1234 
Time in culture (days) 


56 


Fig. 2. Myoblast fusion in interferon-treated and untreated 
cultures. Interferon (100 IU/ml) was added to cultured 6 h (a) 
or 3 days (b) after plating and culture medium with or without 
interferon was changed at 2-day intervals. Inoculum size was 
3.2.105 cells (а) and 6.4-10* cells (b) per dish. О and а, 
untreated control cultures; 6 and a, interferon-treated cultures. 
Triangle symbols represent a separate experiment. 


Ав, respectively, whereas synthesis of 2-5A in 
control extract was hardly detectable. 


Enhanced accumulation of creatine kinase and 
myokinase іп interferon-treated cells 
Interferon stimulated the accumulation of both 


TABLE I 
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creatine kinase and myokinase activities in 
myotube cultures. Interferon treatment at 200 
IU/ml for 4 days from 48 h after plating resulted 
in three fold increase of the specific activity of 
creatine kinase; creatine kinase activities of inter- 
feron-treated cultures and control cultures were 
72.4 + 1.9 and 23.8+2.4 mU/mg protein (mean 
+ S.D. for three independent experiments), re- 
spectively. As shown in Table I, the effect of 
interferon on creatine kinase activity was dose-de- 
pendent. A 1.5-fold enhancement of creatine kinase 
level in cultured muscle cells was observed even 
after 2-days treatment from day 2 to day 4 with 
100 IU/ml of interferon. But 1-day treatment 
from day 5 to day 6 was not enough to ensure the 
significant enhancement of creatine kinase level 
(data not shown), suggesting that interferon accel- 
erates creatine kinase accumulation at a relatively 
early stage of myotube formation in vitro. 
Myokinase activity was also stimulated by inter- 
feron treatment, but less effectively as compared 
to creatine kinase activity: Enzyme activity of 
myokinase in interferon-treated cultures (100 
IU/ml) was 122.5% of control (Table I). 


Creatine kinase isozymes у 
To determine whether the enhanced accumula- 
tion of creatine kinase activity by interferon was 


DOSE-DEPENDENT EFFECTS OF INTERFERON TREATMENT ON ENZYME ACTIVITIES IN CULTURED MYOTUBES 


Myotube cultures obtained from a single muscle cell preparation were treated with interferon (IFN) for 4 days from 48 h after plating, 
harvested and subjected to simultaneous analysis of enzyme activitics and DNA and protein content in Expt. 1. Myotube cultures 
obtained from another muscle cell preparation were treated with interferon for 6 days from day 1, harvested and subjected to 
measurement of шуо пазе in Expt. 2. ` 








IFN DNA Protein Creatine kinase Acetylcholinesterase Myokinase ' | 
(IU/ml) (ug/dish *) (pg/dish *) . mU/mg Ф mU/mg % mU/mg * 
protein * protein ^ protein * 
Expt. 1 . " 
0 7.38 3: 0.94 223+ 6.6. 27.1 44.4 100 32.6 100.0 
2 7.70 1.15 256 + 13.9 42.8 +7.7 157 25.0 76.7 
20 6.51 +1.01 240 + 1.4 50.5 + 5.4 186 24.6 75.5 
200 6.91 +0.74 235+ 16.0 73.1 + 6.2 270 17.7 54.3 
Expt. 2 
0 345 + 14.1 80.0 +6.9 100.0 
10 315 + 41 87.5 + 3.3 109.4 
100 411+ 28 98.8 +8.7 122.5 





* Each value is the mean + S.D. for three dishes. 
b Aliquots of homogenates obtained from three dishes were pooled for determination of enzyme activity. 
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Fig. 3. Electrophoretic patterns of creatine kinase isozymes. 
Extracts were prepared from 6-day cultures of muscle cells 
grown in the presence or absence of interferon (200 IU /ml). С, 
control; IFN, interferon-treated. 


з + 


accompanied by an accelerated transition in crea- 
tine kinase isozyme from BB-type to MM-type, we 
examined the isozyme patterns of creatine kinase 
in cell homogenates prepared from interferon- 
treated and untreated cultures on day 6. As shown 
in Fig. 3, both preparations contained BB-, BM- 
and MM-type creatine kinases, and the electro- 
phoretic pattern of the interferon-treated prepara- 
tion was extremely similar to that of control, sug- 
gesting that interferon equally stimulated the ac- 
cumulation of both B- and M-type subunits of 
creatine kinase. 


Suppression of acetylcholinesterase accumulation in 
interferon-treated cells 


We examined the effect of interferon on 


TABLE И 


acetylcholinesterase accumulation іп cultured 
muscle cells. As shown in Table 1, in contrast to 
the effects on creatine kinase and myokinase, in- 
terferon treatment suppressed acetylcholinesterase 
accumulation in a dose-dependent fashion. 
Acetylcholinesterase activity in cultured cells which 
were treated with 200 IU /ml of interferon for 4 
days before harvesting was 54.3% of that in con- 
trol cultures. 


Effect of interferon on actin and myosin synthesis 
Muscle cells were grown in the presence or 
absence of interferon (200 IU /ml) and the rates of 
actin апа myosin heavy chain synthesis were 
determined on day 4 by pulse labelling of cells 
with [ ^S]methionine followed by glycerination and 
analysis with SDS-polyacrylamide gel electro- 
phoresis. Table II shows that, although total pro- 
tein content in interferon-treated culture was higher 
than that in control culture (121.3%), an incorpo- 
ration of [ ^S]methionine into trichloroacetic acid- 
insoluble materials of glycerinated cells in inter- 
feron-treated culture was lower than that in con- 
trol culture (86.9%). An almost similar gel-electro- 
phoretic pattern. was observed in both samples 
(Fig. 4). Radioactivities incorporated into actin 
and myosin heavy chain bands in interferon-treated 
culture were also lower than those in control cul- 
ture (86.8 and 82.2% of control, respectively). 
However, the sum of the radioactivities recovered 
in actin and myosin bands was 57.2% of trichloro- 
acetic acid-insoluble radioactive materials applied 
on gel in the control preparation and 56.3% in the 
interferon-treated preparation. These results sug- 


EFFECT OF INTERFERON-TREATMENT ON THE INCORPORATION OF | "SIMETHIONINE INTO ACTIN AND MYOSIN 


IN CULTURED MUSCLE CELLS 


Muscle cells were grown with or without interferon (IFN), pulse-labelled with [* S]methionine, glycerinated and solubilized. 
Radioactivities of myosin and actin bands in gels shown in Fig. 3 were determined after cutting the gels. TCA, trichloroacetic acid. 


I ee 


TCA-insoluble 
radioactivity in 








Radioactivity recovered 








glycerinated cells тарт а 

cpm/dish & control cpm Ф recovery * cpm % recovery * 
Control 114 370 100.0 4613 40.3 1937 16.9 
IFN-treated 99 340 86.9 4003 40.3 1592 16.0 


? Percentage of radioactivity applied on the gel. 





43» 
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Fig. 4. SDS-polyacrylamide gel electrophoresis of [ ^S]meth- 
ionine-labelled materials in glycerinated muscle cells. Myob- 
lasts were grown in the absence or presence of interferon (200 
IU/ml) for 4 days. For analysis, radioactive materials from 
control and interferon-treated cells (11437 and 9930 trichloro- 
acetic acid-precipitable cpm, respectively) were applied on the 
gel. Electrophoresis was carried out at 160 V for 3.5 h. C, 
control; IFN, interferon-treated; A, actin; M, myosin-heavy 
chain. M, ( X 10^): 220, ferritin half unit; 94, phosphorylase 
b; 67, albumin; 43, ovalbumin; 36, lactate dehydrogenase. 


gest that interferon decreased the rate of synthesis 
of proteins associated with glycerinated cells by 
nearly 15% in 4-day cultures of muscle cells, but 
did not change the proportion of synthesis of actin 
and myosin in those proteins. Similar results were 
obtained in experiments using 6-day cultures (data 
not shown). 


Discussion 


Recently we have shown that interferon inhibits 
cell fusion of human transformed cells which are 
induced by ultraviolet-inactivated retrovirus [2] and 
Sendai virus [3,4]. This action of interferon was 
further confirmed by Chatterjee et al. [5] using 
human and monkev cells. In the studies reported 
here, interferon at concentrations up to 200 IU /ml 
inhibited cell fusion in chick embryonic myoblast 
cultures and affected the accumulation of some 
muscle-specific proteins in cultured cells. Inter- 
feron increases the rigidity of plasma membrane 
lipid bilayers in mouse sarcoma S-180 cells [10] 
and the reorganization of actin-containing micro- 
filaments in cells, which may result in the suppres- 
sion of redistribution of some cell surface compo- 
nents [9]. It is likely that the similar alterations in 
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plasma membrane and submembraneous cyto- 
skeletal components are induced in interferon- 
treated myoblasts. The inhibition of myoblast fu- 
sion by interferon treatment could be a result of 
an antagonistic effect of interferon on the rapid 
increase іп the membrane fluidity іп myoblast, 
which precedes the membrane union [29]. Муо- 
blast fusion is a multistep process, including at a 
minimum two phases: (i) cell migration, recogni- 
tion and alignment and (ii) membrane union [30]. 
An alternative explanation of fusion-blocking ac- 
tion of interferon is that the interferon-induced 
suppression of synthesis or redistribution of cell 
surface components which are required for cell 
migration, recognition and alignment might result 
in blockade of the fusion process. 

Originally, Lough et al. [20] tested effects of 
chicken interferon on the chicken myogenesis in 
vitro and reported that interferon inhibits myogen- 
esis in terms of morphology and isozyme transi- 
tion from BB-creatine kinase to MM-creatine 
kinase. In our present work, we confirmed the 
inhibitory action of interferon on myotube forma- 
tion under light-microscopic observation. How- 
ever, we found that, up to 200 IU/ml, chicken 
interferon enhances the accumulation of creatine 
kinase and myokinase in muscle cells, even in a 
condition in which interferon inhibits the fusion of 
myoblasts, the accumulation of acetylcholinester- 
ase and the synthesis of contractile proteins. We 
also found that the transition of BB-creatine kinase 
to MM-creatine kinase is not inhibited by inter- 
feron treatment. It may be argued that the 
diminished formation of myotubes and the altera- 
tions in enzyme activities are due to an action of 
some components other than interferon, which 
were produced by chicken embryonic fibroblast 
cells and coexisted in our interferon preparation. 
This is unlikely, since myoblasts were grown in 
nutrient medium supplemented with the super- 
natant of homogenate of whole chick embryos. 
Our observations that in primary muscle cultures 
the enzyme activity of creatine kinase and 
myokinase was elaborated in fusion-blocked 
myoblast cells agree with the findings reported in 
non-fusing muscle cell line M3A [31] that the 
synthesis of creatine kinase and the progress of 
cell fusion are regulated independently in myogen- 
esis in vitro. 
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While our experiments were in progress, Fisher 
et al. [32] reported an acceleration of myoblast 
fusion and creatine kinase isozyme transition by 
human leukocyte interferon in human myoblast 
culture. In chicken myoblast culture, we observed 
а slight acceleration in myoblast alignment in early 
stage of cultures which were treated with relatively 
high titre of interferon (1000 IU/ml), even though 
following fusion was markedly inhibited. Long- 
term treatment with 1000 IU/ml of interferon was 
toxic for culture, and many unfused cells were 
detached from a dish by days 5 to 6 after the 
beginning of treatment. At present, we cannot 
propose a reason for the discrepancy observed on 
the effects of interferon on myoblast fusion in 
human and chicken cultures. In our system, it is 
conceivable that interferon has divergent effects 
on myogenic process of chicken skeletal muscle in 
vitro. 
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EFFECT OF ADRENALECTOMY ON CELLULAR CALCIUM METABOLISM AND ON THE 
RESPONSE TO ADRENERGIC STIMULATION OF HEPATOCYTES ISOLATED FROM MALE 
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The effects of adrenalectomy on cell calcium metabolism and on the effects of epinephrine on cAMP, 
phosphorylase a activity, and calcium efflux were studied in hepatocytes isolated from adult male and female 
rats. Adrenalectomy increased the total calcium of hepatocytes, all exchangeable calcium pools, and all 
calcium fluxes between the cellular pools in both sexes. After adrenalectomy, basal cAMP was elevated, 
phosphorylase a + b was decreased, but basal phosphorylase a activity was not changed. In adrenalectomized 
males and at all concentrations of epinephrine studied (1 + 1075-1 + 10 7° M) stimulation of calcium efflux 
was decreased and cAMP accumulation was enhanced, while the resulting phosphorylase a activation was 
depressed. In hepatocytes from adrenalectomized females there was a similar increase in cAMP accumula- > 
tion induced by epinephrine, and a decrease in the stimulation of calcium efflux; however, the depression in 
phosphorylase а activation was much less and was significant only at 1 10-8 and 1* 10-5 M epinephrine. In 
the male, while activation of phosphorylase a shifted from a pure a-adrenergic response mediated by calcium 
to one also involving a cAMP-mediated f-adrenergic response, the contribution of the attenuated calcium 
signal was still significant. Hepatocytes from female rats did not show a comparable a- to B-shift, since the 
relative contribution of calcium and cAMP to phosphorylase activation was similar in sham-operated and 
adrenalectomized animals. 


Introduction 


Adrenalectomy or corticosteroid deficiency in- 
terferes with systemic glucose homeostasis [1] and 
several specific defects in the regulation of hepatic 
glucose release are well documented [2]. The stimu- 
lation of glucose production from glycogenolysis 
and gluconeogenesis evoked by epinephrine or 
glucagon is depressed in hepatocytes of adren- 
alectomized rats [3-5]. Since a-adrenergic stimula- 
tion of glycogenolysis in the adult male rat is 
triggered almost exclusively by an increase in cyto- 
solic calcium which activates phosphorylase b 
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kinase and increases phosphorylase a activity [6], a 
change in cell calcium metabolism following 
adrenalectomy could well be a contributing factor. 
Although it has been reported that in some species 
adrenalectomy alters systemic calcium homeostasis 
[7,8] and increases calcium transport by the small 
intestine [9], the effects of corticosteroid deficiency 
on hepatic calcium metabolism have never been 
documented. One of the goals of our investigations 
was to determine whether adrenalectomy in- 
fluences the calcium metabolism of isolated 
hepatocytes. 

In male rats, adrenalectomy also changes the 
pathway of adrenergic activation of hepatic glyco- 
genolysis from a predominantly a-mediated 
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calcium-dependent mechanism to one in which the 
B-mediated cAMP-dependent pathway is also in- 
volved. We have recently shown that hepatocytes 
from adult female rats normally exhibit a mixed a- 
and В-айгепегріс response to epinephrine, and 
show differences in basal calcium metabolism when 
compared with cells isolated from males [10,11]. A 
second goal of our investigations was to compare 
males and females after adrenalectomy with re- 
spect to possible changes in cellular calcium, and 
to determine whether the shift from an a- to a 
B-receptor pathway during the adrenergic response 
occurs in the female as well as in the male. 

We found that adrenalectomy caused signifi- 
cant changes in both sexes in the total and ex- 
‘changeable calcium of hepatocytes and in the 
kinetically defined calcium pools and fluxes. After 
adrenalectomy, epinephrine caused a greater rise 
in cAMP, but a lesser increase in cytosolic calcium 
as measured by calcium fractional efflux. Phos- 
phorylase a stimulation was significantly de- 
pressed, especially in hepatocytes isolated from 
male adrenalectomized rats. In males, adren- 
alectomy induced a shift from a pure a- to a mixed 
a-, В-айгепегріс` response to epinephrine. Іп 
females, however, the relative importance of the a- 
and £-components of the adrenergic activation of 
phosphorylase remained qualitatively the same. 


Methods 


Adult female and male Sprague-Dawley rats 
were adrenalectomized or sham-operated 7-13 
days before being used. The adrenalectomized 
animals were given a 0.9% NaCl solution as their 
drinking water. Hepatocytes were prepared from 
fed rats as previously described [10], using a mod- 
ification of the collagenase perfusion method of 
Berry and Friend [12]. The isolated hepatocytes 
were incubated with gentle stirring in Krebs- 
Henseleit: bicarbonate buffer/1.3 mM Ca?*/5 
mM glucose/1% bovine serum albumin (buffer 1) 
with a gas phase of 95% oxygen/5% CO,. Mea- 
surements of Ca efflux, cAMP, and phosphory- 
lase а activity were done on separate aliquots of 
the same hepatocyte preparation. 

“Са fractional efflux ratio. Liver cells were 
labeled with Ca and desaturated with buffers 
containing 1.3 mM Са?* as previously described 


[10]. The ^Ca fractional efflux is calculated as the 
radioactivity released per unit time expressed as a 
percentage of the average cell radioactivity during 
the collection period [13]. Тһе “Ca fractional ef- 
flux ratio is the fractional efflux of stimulated cells 
divided by the fractional efflux of control cells 
perfused concurrently. An increase іп “5Са frac- 
tional efflux ratio may be caused by a rise in 
cytosolic free calcium, by an increase in active 
transport across the plasma membrane, or by 
mobilization of an intracellular pool of calcium 
with a specific activity greater than that of cytosol. 
We assume that the increase іп “Ca fractional 
efflux observed in response to epinephrine stimu- 
lation reflects a rise in cytosolic calcium activity 
[10,11]. 

Phosphorylase activity. Aliquots of the hepato- 
cyte suspension were added to the ice cold buffer 
described by Hutson et al. (14], homogenized, and 
frozen until assayed in the direction of glycogen 
synthesis by the method of Stalmans and Hers 
[15]. Phosphorylase a was assayed in the presence 
of 0.5 mM caffeine to minimize any contribution 
of phosphorylase b activity. Phosphorylase а + b 
was assayed in the absence of caffeine with 3 mM 
AMP present and 80 mM glucose 1-phosphate as 
substrate [16]. In both cases, the ['^C]glucose 1- 
phosphate converted to glycogen was precipitated 
on filter paper with 66% ethanol [17]. Phosphoryl- 
ase activity is expressed as nmol: min !- тор“! 
cell protein, with the protein concentration being 
determined by the method of Lowry et al. [18]. 

Hepatocyte cAMP. The concentration of cAMP 
in the cells was determined by radioimmunoassay 
as previously described on acetylated acetate buffer 
extracts [10]. Values are reported as pmol- mg ^! 
cell protein. 

Hepatocyte calcium content апа steady-state 
kinetic analysis of cell calcium pools and fluxes. 
Liver cells from adrenalectomized or sham-oper- 
ated rats were incubated for 120 min in buffer 1 
with 1.3 mM Ca**. “Ca was added during the last 
60 min to label the cells. Aliquots of the cell 
suspension were rapidly centrifuged in 40 ml of 
unlabeled calcium-free phosphate-buffered saline, 


‘the pellet was sonicated in deionized water and 


analyzed for “Ca and “Са content by standard 


‘methods [19]. Calcium pools and fluxes were mea- 


sured by steady-state analysis of Ca desatura- 


tion. After 60 min labeling, desaturation was 
accomplished by perfusion at 0.6 ml/ min for 180 
min with nonradioactive buffer 1, 1.3 mM Са?”, 
and the efflux curves were analyzed as previously 
published [20]. The justification for modeling the 
data to a three-compartment catenary system, and 
the assumptions and. equations for calculating the 
kinetic parameters have been published [21—24]. 

Materials. Collagenase, 3-isobutyl-1-methyl- 
zanthine, L-epinephrine bitartrate and DL-propan- 
olol hydrochloride, were obtained from Sigma. 
Phenoxybenzamine was purchased from Smith, 
Kline and French, and 2-O-['?TI]succinyladeno- 
sine-3’,5’-cyclic phosphoric acid, “CaCl, and 
[^C]glucose 1-phosphate from New England 
Nuclear. The cAMP antibody was generously pro- 
vided by Dr. F. DeRubertis, VA Hospital, Pitts- 
burgh, PA. 

Statistics. Statistical analyses were made by first 
determining the equality of variances between 
groups by the F-test criterion, and the significance 
of the results were calculated accordingly either by 
F-statistics or by Student's 7¢-test. All values pre- 
sented are expressed as the mean + S.E. 


Results 


Effect of adrenalectomy on hepatocyte calcium con- 
tent, calcium pools and steady-state calcium fluxes . 

Table I shows the changes in hepatocyte calcium 
metabolism measured 1-2 weeks after adrenalec- 
tomy. The effects of adrenalectomy are similar in 
males and females; in both sexes there are signifi- 
cant increases in both “Ca cell content and in the 
60 min exchangeable “Ca. Kinetic analysis showed 
that this increase was shared by all three 
exchangeable cellular pools, with the largest being 
seen in S,, the mitochondrial pool. The value for 
S, was increased 139% in the male and 245% in the 
female. In the male, the calcium fluxes occurring 
between all the pools were significantly increased: 
extracellular exchange (ро) increased 57%, plasma 
membrane transport (р) increased 79% and the 
cytosol-mitochondrial exchange (p,,) increased 
11996. In the female, only the plasmalemmal ex- 
change and cytosol-mitochondrial exchange were 
increased, 50 and 241% respectively. The dif- 
ference usually observed between males and 
females with respect to the mitochondrial pools 
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and fluxes were abolished in the sham-operated 
animal [11,25]. The values for S, and pj, in the 
sham-operated female were decreased to the levels 
usually found in the male. 


Effects of adrenalectomy on basal phosphorylase a, 
total phosphorylase and basal cAMP in hepatocytes 
from male and female rats 

In sham-operated females, the basal phos- 
phorylase a concentration, shown in Table II, was 
lower than the value we previously measured in 
hepatocytes isolated from normal female rats 
[10,11,25]. Thus, there was no difference in enzyme 
level between sham-operated males and females: 
the value measured in females was reduced to that 
found in the male. The values we previously 
measured in unoperated females were 12.2 + 0.75 
[10], 12.7 + 1.3 [11] and 10.3 + 0.67 [25], all signifi- 
cantly different from the value of 7.7 + 0.4 ob- 
tained in sham-operated females. Adrenalectomy 
had no effect on basal phosphorylase a activity; it 
was 8 nmol/ min per mg protein in all four groups. 
The total phosphorylase а + b concentration in 
hepatocytes was decreased 31 and 28%, in males 
and females respectively. The basal cAMP con- 
centration was increased in adrenalectomized 
animals, 30% in males and 34% in females. There 
was also a large and significant difference between 
males and females in the basal concentration of 
cAMP both in sham-operated and adrenalecto- 
mized animals: at rest, cAMP in the male was 
more than twice that of the females. 


Influence of adrenalectomy on the response to adren- 
ergic stimulation 

Fig. 1 shows the effects of 1- 10-7 M epineph- 
rine on cAMP, phosphorylase a and fractional 
calcium efflux in hepatocytes isolated from sham- 
operated and adrenalectomized male and female 
rats. Following adrenalectomy, the rise in cAMP 
was significantly enhanced: in females, 1 min after 
adrenergic stimulation, the peak cAMP levels were 
increased 5-fold compared to a 2-fold rise in 
sham-operated animals; in males, the peak 1 min 
stimulation represented in 2.5-fold increase after 
adrenalectomy, while there was only a 1.4-fold rise 
іп sham-operated rats. Conversely, adrenalectomy 
significantly depressed the rise in “Са fractional 
efflux, 30% in females and 40% in males. The net 
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TABLE I 


EFFECTS OF ADRENALECTOMY ON HEPATOCYTES CALCIUM METABOLISM 


Values are the mean + $ E. п = number of experiments. 





Females 


sham 





Males 





adrenalectomized % change sham 


adrenalectomized % change 





Total cell calcium 
(nmol- тр! protein) 
Exchangeable cell “5Са 
(nmol-mg~! protein) 


6.29 0.47(9) 


2.46 + 0.10(9) 


Calcium pools 
(nmol- тр! protein) п=6 п-4 
Si жаа ы ы ==, Мыш M 
(glycocalyx) 184+ 0.11 2.884: 008° 
52 
(cytosol) 0.944 0.05 171% 0.21" 
5 
(mitochondria) 0.33+ 0.02 1.144 015° 
Calcium fluxes 
(pmol-min~!-mg~! protein) 
Pio 
(exchange with glycocalyx) 749 +56 788 +39 
Ол 
(plasmalemmal transport) 50 + 4 75 11% 
P23 
(mitochondrial exchange) 1.7 + 01 5.8 + 06“ 


810% 0.3112) 


3.404 0.19 *(15) 





+29 723% 03017" 9.474 04117) +31 
+38 3.55 0.2616) 4.594 0.22°(18) +29 
п-7 n=10 

+56 141+ 0.22 2.04+ 014% #45 
+82 116+ 0.12 1.904 015% + 64 
+245 0.284. 003 0,67% 012° +139 
- 663 +110 1043 195* +57 
+50 41 + 6 73 + 4* +78 
+241 16+ 02 3.5 + 03% +119 








a P « 0.05 adrenalectomized vs. sham-operated animals. 


result was an inhibition of phosphorylase a activa- 
tion induced by 1- 1077 M epinephrine: although 
the rise in phosphorylase was only slightly at- 
tenuated in females, the depression was significant 
in the male. Fig. 2 presents the dose-response 
curve of epinephrine on cAMP, phosphorylase a 


TABLE II 


and calcium efflux in sham-operated and adren- 
alectomized male and female rats. In females, 
adrenalectomy enhanced the increase in cAMP 
evoked by adrenergic stimulation, while it 
depressed the rise in calcium efflux induced by 
1-107" M and 1- 10-6 M epinephrine; as a result, 


BASAL LEVELS OF PHOSPHORYLASE a, PHOSPHORYLASE а-- b, AND cAMP ІМ HEPATOCYTES FROM ADREN- 
ALECTOMIZED AND SHAM-OPERATED MALE AND FEMALE RATS 


Values are the mean + S.E. n = number of experiments. 





Females Males 
sham adrenalectomized Ф change sham adrenalectomized % change 
Phosphorylase a + b 
(nmol:min^'.mg"! protein)  79.1%2.2(22) 5712: 3.5 * (14) —28 75.0 + 1.6(32) 519+2.1(32) -31 
Phosphorylase a П 
(nmol-min^!« mg"! protein) 7.7 +0.4(22) 7.94: 0.8(14) - 7.8 + 0.4(32) 8.2 +0.6(32) | - 
сАМР 
(pmol-mg~!- protein) 2.3+0.2(25) | 3.1 +0.2 (28) +34 50+0.2(34) — 6.50.2 (32) +30 





а Р «< 0.05 adrenalectomized vs. sham-operated animals. 


females malos 


pmol mg’ prot 


cyclic АМР 





phosphorylase а 
nmol mn” mg prot 
8 
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Fig. 1 Effects of 1-107? M epinephrine on cAMP, phosphory- 
lase a activity and calcium efflux in hepatocytes 1solated from 
sham-operated (8) and adrenalectomized (О) male and female 
rats. Hepatocytes were incubated for 150 min за buffer 1, 1.3 
mM Ca?*, aliquots were taken for determination of basal 
phosphorylase а and. cAMP, 1:1077 M epinephrine was then 
added, and the cells sampled at the time indicated. The cells 
used for the determination of 4 Са efflux were incubated for 45 
min, labeled with 45 Са (5 pCi/ml) for 60 min, separated from 
the labeling medium and placed into perfusion chambers. After 
50 min of perfusion, the medium perfusing the ‘experimental’ 
chamber was changed to one containing 1.1077 М epineph- 
rine. Data from 55-75 min of the desaturation is shown. Values 
аге mean+S.E. of 3-8 experiments. * Р < 0.05 comparing 
sham-operated with adrenalectomized rats FER, fractional 
efflux ratio. 


the stimulation of phosphorylase a tended to be 
smaller in adrenalectomized females, the dif- 
ference being significant at 1- 1075 and 1- 107^ M 
epinephrine. In the male, adrenalectomy restored 
the -adrenergic stimulation of cAMP, which was 
absent in sham-operated or normal animals. The 
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Fig. 2. Еріперһгіпе dose-response curves of hepatocytes from 
sham-operated (&) and adrenalectomized (О) male and female 
rats. The conditions of incubation were as described in Fig. 1. 
Values are mear:t S.E. of the maximum response defined by 
the time-course shown in Fig. 1. Values are mean + S.E. of 3-8 
experiments. * P « 0.05 when comparing sham-operated with 
adrenalectomized animals. FER, fractional efflux ratio. 


inhibition by adrenalectomy of the rise in calcium 
efflux caused by epinephrine was much greater 
than in females, especially at high concentrations 
of the hormone. As a result, the activation of 
phosphorylase a, in the male, is consistently and 
significantly decreased by adrenalectomy at all 
concentrations of epinephrine. 
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TABLE Ш 


ADRENERGIC ACTIVATION ОЕ HEPATOCYTES OF ADRENALECTOMIZED MALE RATS IN THE PRESENCE OF a- 


AND f-BLOCKERS 


Values are the теап + S.E. n and numbers in parentheses represent the number of experiments. 








Additions Fractional calcium efflux cAMP 
(M) _ (experimental/control ratio) 

sham adrenalectomized sham 
None 


4.55 +0.89(5) 2.00--0.20 ^(6) 


(pmol mg"! protein) 





phosphorylase a 
(nmol min ^ !- mg?! protein) 


adrenalectomized sham adrenalectomized 


5.03+0.20(34) 6.54+0.22°(32) 7.20+0.27(26) 6.27 +0.35(36) 


Epinephrine, 1.1077 7.5241.3(6) 132 +1.6 (6) 372 +1.64) 211 21418506) 
Epinephrine, 1.1077 
+ propranolol, 1-107? 5.22+0.40(3) 1.62+0.12°(4) 5.8140.70(6) — 6.30::0.43*(6) 41.3 +2.2(6) 14.6 +0.66 ""(4) 


Epinephrine, 1.1076 5.8140.26(5) 324-024? 
Epinephrine, 1.1076 

+ phenoxybenzamine, 

10-5 1.24+0.07 “(3) 1.10+0.06 *(3) 


6.86 +0.10(2) 19.3 +2.6 (4) 


6.46+0.26(2) 20.9 +5.0°(4) 


47.6 +6(4) 23.7 +18°(8) 


107 +1.5 *(4) 120 +1.2°(4) 








a Р < 0.05 when compared to epinephrine alone. 
> P < 0.05 when compared to sham-operated animals 


Influence of a- and B-adrenergic antagonists on the 
response of hepatocytes from adrenalectomized male 
and female rats to epinephrine 

In sham-operated males, the expected inhibition 
by the adrenergic antagonist phenoxybenzamine 
of the rise in calcium efflux caused by epinephrine 
is shown in Table HI. As a result, phosphorylase 
stimulation was suppressed. In contrast, the Й- 
adrenergic: antagonist propranolol did not alter 
any of the responses in sham-operated males, indi- 
cating the absence of a B-adrenergic pathway іп 


TABLE IV 


this group. On the other hand, in adrenalecto- 
mized males, propranolol did suppress the rise of 
CAMP and caused a 30% reduction in the stimu- 
lated phosphorylase activation, thus showing that 
a significant 8-сотропепі in response to adren- 
ergic stimulation is present in adrenalectomized 
males. Nevertheless, the inhibition caused by 
phenoxybenzamine after adrenalectomy is even 
more striking, since the increase in phosphorylase 
activity evoked by 1-1076 M epinephrine is re- 
duced 50%, suggesting that even though the a- 


ADRENERGIC ACTIVATION OF HEPATOCYTES OF ADRENALECTOMIZED FEMALE RATS IN THE PRESENCE OF a- 


AND £-BLOCKERS 


Values are the mean + S.E. n and numbers in parentheses represent the number of experiments. 





Additions Fractional Calcium Efflux cAMP phosphorylase a 

(M) (experimental/control ratio) (pmol-mg ^! protein) (nmol: min ^ !- тр"! protein) 
sham adrenotectomized sham adrenalectomized sham adrenalectomized 

None 2.28 + 1.8(25) 3.08 4:0.18 (28) 7.64+0.23(4) 7.10+0.77(6) 


Epinephrine, 1.1077 
Epinephrine, 1.1077 
+ propranolol, 1-1075 2.83+0.46(7) 2.08--0.39(5) 
Epinephrine, 1.1076 3.1240.07(5) 2.54+0.24 %5) 
Epinephrine, 1.1076 
+ phenoxybenzamine, 
1.1075 121 


2.42+0.27(4) 1.69+0.11 %5) 


- 1.21 £0.06 *(2) 





а Р < 0.05 when compared to epinephrine alone. 
> P < 0.05 when compared to sham-operated animals. 


6.15 + 0.58(8) 


510--010(2) 


14.85 +0.83 (8) 37.8 +1.8(6) 30.8 +1.5(4) 


2.89+0.22 *(4) 3.40+0.28*(6) 28.5 21.76) 263 %2%4) 
5.70 + 1.2(2) 


17.8 £135(10 41.7 +7.3(4) 373 +2.3(2) 


14.8 +0.05°(2) 291 +6(4) 7292 +36(4) 


adrenergic calcium-mediated pathway for phos- 
phorylase is attenuated by adrenalectomy, it is still 
responsible for a significant part of the activation. 
Table IV shows data obtained from similar experi- 
ments in hepatocytes isolated from sham-operated 
and adrenalectomized females. As expected [10,11], 
the stimulation of hepatic phosphorylase a activity 
in the sham-operated adult female was mediated 
by both а- and ffadrenergic pathways involving 
respectively calcium and cAMP, and neither pro- 
ргапојој nor phenoxybenzamine, when adminis- 
tered singly, effectively blocked the phosphorylase 
activation induced by epinephrine. In contrast to 
the male, in which adrenalectomy caused a signifi- 
cant shift from a pure а- to a mixed a- and 
B-mediated adrenergic stimulation of phosphoryl- 
ase, there was no difference between sham-oper- 
ated and adrenalectomized females in the inhibi- 
tion of phosphorylase activation by propranolol 
and phenoxybenzamine. 


Discussion 


These studies show that 1-2 weeks after adren- 
alectomy there are striking changes in hepatocyte 
calcium metabolism both in males and in females. 
The total Ca as well as all of the kinetically 
defined calcium pools and fluxes are significantly 
increased. These results are consistent with the 
observations of Chambaut et al. [26], who showed 
that adrenalectomy causes an increase in liver 
plasma membrane calcium binding, seen in our 
studies as an increase in the glycocalyx pool 5). 
On the other hand, studies with subcellular 
organelles have shown that adrenalectomy de- 
creases the capacity of hepatic microsomes to ас- 
cumulate calcium [27] and inhibits the increase in 
mitochondrial calcium accumulation and retention 
caused by glucagon [28], while corticosteroid ad- 
ministration causes a decrease in mitochondrial 
calcium uptake and retention [29]. Obviously, 
studies done with cell-free systems cannot be read- 
ily compared with results obtained in intact cells. 
But they do suggest an influence of corticosteroids 
on cell calcium. Recently, Chan et al. [5] con- 
cluded that adrenalectomy did not alter cell 
calcium metabolism. These conclusions were based 
on the observation that adrenalectomy does not 
influence the total cell calcium and the stimulation 
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of phosphorylase a activity Бу vasopressin апа 
ionophore A23187. However, these studies were 
performed only 3—5 days after adrenalectomy; the 
changes in cell calcium metabolism may require a 
longer period of corticosteroid deficiency to de- 
velop. 

The lack of difference in cell calcium metabo- 
lism between sham-operated males and females is 
intriguing. Over a period of 3 years, this is the only 
group of animals kept in our laboratory in which 
no sex differences were observed. Moreover, this is 
the only group in which basal phosphorylase a 
levels were not greater in females than in males 
[10,11,25], an observation which supports our hy- 
pothesis that the enzyme difference is partly due to 
a difference in cell calcium metabolism. We have 
no explanation for the abolition of all the sex 
differences previously reported. Perhaps, the 
trauma of the sham operation may have disrupted 
the estrous cycles of the females and thus abolished 
the sex difference usually observed. Whether the 
calcium metabolism of hepatocytes changes during 
the estrous cycle has yet to be determined. 

The decrease in total phosphorylase a + b activ- 
ity has already been documented, however there 
are disagreements as to the changes in basal phos- 
phorylase a activity after adrenalectomy [1,3,5]. 
The studies which reported a depressed basal 
phosphorylase a activity were done less than a 
week after adrenalectomy when the basal cAMP 
levels were not found to be elevated, suggesting 
that the alterations in hepatic metabolism continue 
to evolve after 5 days of adrenalectomy. Perhaps 
the elevated levels of basal cAMP may be a com- 
pensation for the decrease in total phosphorylase 
а t b; this may restore the normal resting phos- 
phorylase a activity which can be detected in 
longer-term studies. 

Figs. 1 and 2 clearly show that adrenalectomy 
altered the response to epinephrine in both males 
and females. It depressed the increase in calcium 
efflux and enhanced the accumulation of cAMP. 
In females, the net result is a tendency of phos- 
phorylase a to be depressed (significant only at 
1-107? and 1-107? M epinephrine), while in the 
male, phosphorylase a activity is markedly 
depressed at all doses of epinephrine. Thus, as far 
as phosphorylase a activity is concerned, the female 
appears to be affected less than the male. Whether 
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this is translated into less severe perturbations of 
glucose homeostasis is unknown, 

The enhanced accumulation of hepatic cAMP 
in response to adrenergic agonists after adrenalec- 
tomy has been well documented in male rats [2,3]. 
However, this is the first report that adrenalec- 
tomy induces changes in the cAMP content of 
hepatocytes in females. The increased cAMP ap- 
pears to be caused by an enhanced adenyl cyclase 
activity, and not by a change in phosphodiesterase 
activity [30-32]. A 2—3-fold increase in the num- 
ber of hepatic B-receptors (but not in their affin- 
ity) has been reported in plasma membranes from 
adrenalectomized female [33,34] and male rats [32]. 
Although no decrease in a-receptor number was 
ever observed [34], at least in membranes from 
females, Goodhardt et al. [35] have recently shown 
that adrenalectomy does decrease the affinity of 
a-receptors for epinephrine in membranes from 
male rats. This could contribute to the decreased 
a-adrenergic activation reported in this paper. 

The shift from a pure a- to a mixed a-, 8-айгеп- 
ergic regulation of phosphorylase a in adrenalecto- 
mized males may represent an important adaptive 
advantage: since adrenalectomy decreases the total 
phosphorylase а + b concentration and depresses 
the calcium signal which mediates the a-adrenergic 
pathway, adult male rats, which usually utilize 
exclusively the a-route, would be less able to 
mobilize effectively glucose by glycogenolysis if 
they did not regain the capacity, lost as adults [36], 
to activate phosphorylase by the cAMP-dependent 
B-adrenergic pathway. However, in spite of the 
significant B-blockade observed with propranolol, 
in adrenalectomized males, there is an even more 
striking inhibition by the a-blocker, phenoxy- 
benzamine. Thus it appears that even though the 
a-mediated calcium signal is significantly inhibited 
by adrenalectomy, it is still responsible for much 
of the phosphorylase activation. In females, even 
though cAMP accumulation is enhanced, and the 
rise in Ca efflux somewhat reduced, the relative 
effectiveness of a- and -blockers on phosphory- 
lase activation remains the same in sham-operated 
and adrenalectomized animals. 

Our studies do not provide conclusive evidence 
as to whether the changes in phosphorylase a 
activation are causally related to the changes in 
cell calcium metabolism which occur after adren- 


alectomy. The decrease in total phosphorylase, as 
well as the changes reported in other enzymes of 
the glycogenolytic cascade, undoubtedly contrib- 
ute significantly to the effects of adrenalectomy 
[5]. However, the marked reduction іп рћозрћогу!- 
ase a activity, when the calcium signal depressed 
by adrenalectomy is further abolished by the a- 
blocker phenoxybenzamine, underline the impor- 
tance of calcium in enzyme activation in the 
adrenalectomized animal. Chan et al. [3] proposed 
that adrenalectomy may primarily affect the elu- 
sive intracellular messenger, the ‘putative signal’ 
transducing a-adrenergic receptor binding into a 
rise in cytosolic calcium, because they found no 
significant alteration in cell calcium or in a-recep- 
tor binding, 3—5 days after the operation. However 
7—14 days after adrenálectomy, we found signifi- 
cant changes in cell calcium metabolism; whether 
or not these changes have any relationship to the 
alterations in adrenergic phosphorylase activation 
after adrenalectomy requires further investigation. 
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of free energy between such 'sources' as (photo)re- 
dox reactions and such ‘sinks’ as ATP synthesis, 
ion pumps, metabolite transport, inter alia. Yet, as 
phrased by Nicholls [1], *all biochemical reactions 
involve energy changes, so the term ‘bioenergetics’ 
could be ap-plied to the whole of biochemistry". 
Extending this ratiocination one step further, we 
approach the enzyme molecule — the very catalyst 
of biochemical rate processes. Teleonomy has 
charged enzymes with the task of catalyzing 
material/energetic transformations at rates, and 
under appropriate conditions, commensurate with 
the vitality of the cell. Most importantly, the en- 
zyme acts to reduce the activation energy for the 
respective (electro)chemical reaction. Frugality 
dictates this role, in view of the restricted tempera- 
ture range suitable for living cells, as well as 
limitation on intracellular reactant concentrations 
posed by consideration of cytosolic solvent capac- 
ity [2,3]. 

The striking feature of enzyme action, as ob- 
served in vitro, is its manifestation in a random-field 
environment. There is an emergent view, that the 
'enzyme molecule is a beautifully intricate energy 
transducer, serving as a 'deterministic mediator 
between the molecular chaos of the environment 
and the localized chemical-reaction coordinate [4]. 
Moreover, there are growing indications that 
metabolic enzymes in organized states are designed 
to ‘plug into’ long-range energy continua in vivo, 
serving as devices to channel non-thermal energy 
coherently to the bound chemical subsystem [5,6]. 
(Of course, this scheme is familiar in the well- 


= known enzyme systems (e.g, Е,Е,-Н* АТР syn- 


'thetase) of bioenergetics [7,8].) The basis for this 
modality lies in the structure/function relation- 
ship of the individual protein molecule. 

In the past 100 years of enzymology [9], much 
concerning the role of enzymes in catalysis has 
been elucidated. Binding substrates and prosthetic 
groups at specific positions within their structure, 
they provide the optimal three-dimensional con- 
stellation for effectuation of the chemical reaction. 
And, their presence in membranes generates, for 
. example, coupling between transmembrane fluxes 
and chemical reactions [10]. Yet, for most of these 
catalytic functions, the enzyme protein seems 
ostensibly, to be too big. Consequently, the ques- 
tion has arisen [4], whether perhaps an important 


aspect (indeed, maybe the ‘secret of enzymes’ [11]) 
has been overlooked: enzyme catalysis cannot be 
based on a static picture of the protein. 

The old notion, that the overall structure of an : 
enzyme serves the singular role of maintaining 
statically a requisite three-dimensional arrange- | 
ment of active-site residues, has become outmoded 
[12-18]. Accumulating evidence has revealed a 
rich variety of internal motions in globular pro- 
teins, spanning a virtual gamut of time-domains 
and encompassing essentially every part of the 
protein structure. Of particular interest are fre- 
quencies outside the range of the well-known fold- 
ing-unfolding transitions and gross conformational 
changes. Cognition of the dynamic nature of the 
protein matrix has spawned the development of a 
number of theoretical models of enzyme action 
[19]. These dynamical models propose, that partic- 
ular classes of motions in the protein structure 
provide means for collimating energy to produce ` 
high free-energy events for passage of the bound 
chemical subsystem into the transition state. For _ 
enzymes operating in bulk solution, the source : 


would be fluctuations in the protein molecule, as it : - 


exists at thermodynamic equilibrium with the. 
solvent (heat bath). In the case of organized en- 

zyme assemblages, the enzyme may actually func- 

tion in the performance of net work on the sur- 

roundings — serving to transduce energy from ari 

external (nonequilibrium) source to the chemicai 

subsystem. 

In the present article, we shall review the basic 
tenets of the dynamical models of enzyme action. 
in bulk solution. We shall attempt to glean com- 
mon threads permeating all of these models, and 
to abstract a generalized view which may gi 
some degree of unification. Then, we exceed t 
level of the isolated protein molecule and explo 
the relevance of the ‘dynamic view‘ to non-therm 
systems in organized states. 


D 







II. Protein dynamical models of enzyme action 
IIA. Thermodynamic basis of the dynamical view 


Traditional analytical methods of averaging over 
time and over ensembles of protein molecules give 
the superficial picture of a static structure. How- . 
ever, in the thermodynamic sense, individual pro- 


tein molecules are quite small systems consisting 
of relatively few particles. Hence, statistical 
fluctuations in thermodynamic properties assume 
much greater importance. For example, consider 
the mean square fluctuation of internal energy, E, 
given by: i 


о2-КТ?тс, (1) 


where т is the mass, С, is the heat capacity (at 
constant volume), k the Boltzmann constant and T 
the absolute temperature. For typical values of the 
parameters, Cooper [20] has calculated the root- 
mean-square fluctuation in E to be 2.7- 10^? J 
per protein molecule. (If all protein molecules in 
the- solution were to fluctuate in synchrony, this 
value would correspond to an energy fluctuation 
of about 160 kJ/mol!) Despite the results from 
time-averaged studies of ensembles of proteins, 
which indicate a static and compact structure, 
sizeable variance in a number of thermodynamic 
properties is possible (see also Refs. 21 and 22). Of 
course, extremes of the fluctuational spectrum are 
relatively rare. And, the time-scale of the fluctua- 
tions for many thermodynamic quantities is very 
short. Hence, proteins do not denature appreciably 
at a given physiological temperature! 

The energy-transduction aspect of thermally 
based enzymes, as it relates to the Second Law of 
Thermodynamics, has been discussed by a number 
of authors [4,23,24]. Enzymes operating in bulk 
solution achieve catalysis by generating locally 
high free-energy events (at the active site). 
Notwithstanding, the protein molecule — at ther- 
mal equilibrium with a reservoir at constant tem- 
perature and pressure — does not use heat energy 
to perform net work on the surroundings (i.e, 
thermally based enzymes do not affect chemical 
equilibria). Now, the Second Law of Thermody- 
namics says that the Gibbs free-energy function, 
С = H — TS, for the protein cannot increase (where 
H is the enthalpy and S is the entropy). However, 
if before transduction, Су = Н, — TS,, and after- 
wards, G, = Н, — TS,, then, the Second Law of 
thermodynamics allows AG = G4 — С, = 0, if the 
enthalpy and entropy changes are compensated 
(Le., AH — TAS == 0). As stated by Kemeny [23], 
*this does not mean that heat energy is turned 
into free energy but rather that the transduction of 
internal energy and heat exchange with the re- 
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servoir are part of the same mechanism". The 
fluctuations, necessary for proteins to function, 
not only do not contradict the Second Law of 
Thermodynamics, but are а consequence of its 
statistical nature. 

Any functional feature of the enzyme molecule 
in bulk solution will be based on the thermal prop- 
erties of the system at equilibrium with the solvent 
phase (see Section ІП). We define ‘thermally-based 
enzyme action’ in the following way: because of its 
size (with much greater density of energy levels), 
the bulk reservoir controls the situation through its 
energy-level density (its entropy) and forces upon 
the system the canonical distribution of states 
(within the internal constraints on the atomic par- 
ticles in the folded globular protein). Free-energy 
linkage in the protein is based on the equilibrium 
fluctuational character of the system under this 
condition. In order to define ‘conformational free 
energy’, one notes that a macroscopically observed 
conformation of a protein corresponds to а mix- 
ture of a number of instantaneous (microscopic) 
conformational states in thermal equilibrium 
[29,30]. Each of these states represents a point 
(P,R) in the phase space of momenta (P) and 
generalized coordinates (R) of the protein. The 
probability of a given state is determined by the 
Boltzmann factor, exp (-E(P,R)/kT), where 
Е(Р, К) is the total (kinetic plus potential) energy 
of the protein in the state ( P, R). One can define 
the statistical-mechanical partition function, Z, for 
the protein as: 


2 = (constant)-f exp( - F(R)/kT) dR 


where F (R) is the potential energy [29]. F(R) isa 
sum of two terms: the intramolecular interaction 
energy of the macromolecule in the absence of 
solvent and the free energy of solvation. F(R) 
represents a ‘potential of mean force’ operative on 
the protein molecule for various configurations of 
the solvent particles. Then, the (Hemholtz) free 
energy of the protein conformation is defined as 
—kT In Z [29,30]. If a number of microscopic 
states contribute to the partition function, then 
any 'property of the system, А (e.g., substrate 
binding, catalytic constant), will be a weighted 
average over all such states, as follows: 


(А) = f A-exp(— F( R)/KT) ак 
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with integration performed over the accessible 
conformational (coordinate) space [31]. This situa- 
tion indicates that, in the event a given function of 
the enzyme requires fluctuation between specific 
microstates, it will not be revealed in studies of the 
macroscopic conformation. 

Lumry and coworkers [25—27] have developed 
in great detail the enthalpy-entropy compensation 
concept, as the root of free-energy linkage in en- 
zymic processes. In attempting to grasp the ther- 
modynamic basis of enzyme action, as it relates to 
the macromolecular properties of proteins, we will 
pursue Lumry’s idea. We begin by distinguishing, 
that in a system such as a protein molecule, G, P 
and T must be constant (to a very high order), in 
contrast to H, S and V. It is in fluctuations of the 
latter quantities that one must seek the dynamical 
features of enzyme catalysis. In particular, as sug- 
gested by Lumry [26], “there is increasing evi- 
dence that enthalpy (Н) fluctuations have been 
exploited by nature in the evolution of many bio- 
logical functions”. 

Lumry has elaborated his ‘motive’ view of en- 
zyme dynamics from a composite representation of 
the equation for free energy, G(T), due to Max 
Planck (Treatise on Thermodynamics), as stated 
more recently by Benzinger [28]. At issue is the 
fundamental point, that С and AG (under isother- 
mal conditions) can contain no heat terms. One 
decomposes the enthalpy part into a sum of two 
terms: H(0), which is the potential energy and 
zero-point vibrational kinetic energy; and (Q(T)), 
the mean heat contained in the system, obiained 
by integrating the constant-pressure heat capacity, 
Cp, from 0 K to T. This pure heat part, (Q(7)), is 
called a compensation enthalpy, Hemp. It describes 
the fluctuations of internal energy and volume 
between the system and environment, as can Hs 
seen, from the relation, C,(T) = ор/КТ?, with of 
= a2 + P*o} + Тору [26]. (This term has negligible 
influence for small-molecule systems.) In principle 
(although rarely in reality), any system in equi- 
librium with a reservoir could, via a fluctuation, 
temporarily lose its total heat energy (Q). For a 
chemical change involving the system, the part 
АН, отр has nothing to do with the actual mecha- 


“comp 
nism of the chemical reaction; this is specified 


only by AH(0), the ‘motive’ part [28]. In fact, Ще, 


Second Law of Thermodynamics requires that, in 
the overall expression of AG, A Hon, be negated 


due to a com- 
is just equal 


(compensated) by a term 745, өр 
pensation entropy. One finds that S, i 
to (Q(T))/T [26]. 

A crucial message from this representation is 
that the enzyme molecule cannot effect catalysis 
(1.е., lower the activation energy) by serving as a 
reservoir of excess heat [27]. Moreover, the enzyme 
cannot collimate heat energy (i.e., that from indi- 
vidual molecular, collisional events at the protein- 
solvent interface) directly to the active site, for the 
performance of work. ЇЇ a fluctuation delivers а 
certain enthalpy to a region of the protein (e.g., 
active center), it is ‘paid for’ by an entropy change 
elsewhere in the macromolecule. The role of 
fluctuations is just to set the course of free-energy 
transfer and storage in the enzyme. The ‘motive’ 
part of the transition-state AG corresponds to the 
mise en scéne of enzyme catalysis, while the ‘сот- 
pensation' (fluctuation) part is the mise en train. 

As indicated by Lumry (unpublished data), “the 
dynamical features of proteins are manifestations 
of enthalpy and entropy fluctuations between pro- 
tein and environment, and of redistributions of Н 
and S within the protein". Most globular proteins 
exist in solution as an equilibrium mixture of a 
number of different conformational states of ap- 
proximately the same free energy. Ап enzyme 
function may depend on fluctuation among these 
states (as well as fluctuation between protein and 
solvent), as a means of attaining the proper en- 
thalpy-entropy arrangement defining the transi- 
tion-state passage (see subsection IIC-2). Lumry 
and Biltonen [25] designated this idea, the ‘free- 
energy complementarity principle’, whereby the 
enzyme macromolecule and its bound chemical 
subsystem engage in a fluid and variable exchange 
of free energy during the course of catalysis (see 
Fig. 1). That is, the protein matrix serves as a 
fluctuating free-energy ‘reservoir’ in the generation 
of the catalytic configuration. 

The consonance of the energy-transduction idea 
and the Second Law of Thermodynamics is de- 
monstrated further in an approach, taken by Careri 
et al. [11,24], based on tenets of near-equilibrium 
(linear) thermodynamics. For a system of com- 
posite flows, J,, and conjugate forces, Х,, operating 
close to equilibrium, we may write: 


= УХ, (2) 
J 
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Fig. 1. Simplified example of the flattening of the net free-en- 
ergy profile through *complementarity' developed between the 
chemucal parts of the protein-supported process and the confor- 
mational contribution from the functional conformation pro- 
cess of the protein. (Reproduced from Ref. 25 with the kind 
permission of the publisher and of the authors.) 


where the phenomenological coefficients L,, form 
the so-called *Onsager matrix'. Coupling of vari- 
ous composite processes is potentiated by nonzero 
off-diagonal elements in this matrix. Since en- 
zymes must function reversibly around equi- 
librium, this formalism might be applied to the 
coupling between protein-surface events and ac- 
tive-center processes. To wit, Careri et al. [11,12,24] 
maintain that statistical fluctuations, e.g., in the 
density of bound water are coupled to position- 
fluctuations of active center groups (see Section 
IIC). The only thermodynamic requirement, owing 
to the equilibrium character, is that the time-aver- 
age of the dissipation function, ф, vanish, i.e: 


$-ZX-0 (3) 


which assumption seems justifiable in the overall 
operation of the enzyme. Moreover, when the equi- 
librium relaxation times of the coupled processes 
are similar transduction can be very efficient [12]. 

In summary, we can state that /luctuational 
behavior is the direct mechanism for free-energy 
linkage т the enzyme [11]. The foregoing consider- 
ations raise a question, as to how much of the 
free-energy configuration of the enzyme 
transition-state arises from heat exchange with the 
solvent (bath) and how much is ‘borrowed’ from 
the protein macromolecule (see Section HD. Also, 
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the physical nature of the ‘heat exchange’ between 
protein and medium, and, as well, how it affects 
the internal redistribution providing for free-en- 
ergy transduction, are subjects of concern (see Ref. 
32 and Section IV). 


ИВ. Empirical foundation 


In principle, the internal (e.g., vibrational) mo- 
tions of large molecules like proteins, interacting 
thermally with their environment, can be predicted 
by quantum-statistical laws. The population of the 
nth level of molecular vibrations is calculated as: 


е-л#/АЕТ 
Р(пу= ————— (4) 
X РАСУ 


n= 


as discussed for example by Peticolas [33]. (Here, А 
is the wave-length and л is the Planck constant – 
see subsection IJIB). Some features of protein dy- 
namics (particularly, the large-scale, slower mo- 
tions of whole segments of the protein) can be 
studied with existing experimental technology. 
However, an unequivocal correlation of such mo- 
tions with functional properties of a protein is one 
of the most difficult problems in molecular biol- 
ogy [11,12]. The empirical basis of the protein-dy- 
namical view of enzyme action is, presently, rather 
inferential. 

Well-known methods for studying protein dy- 
namics include hydrogen-deuterium exchange [34], 
NMR (and ESR) [35], laser-excited luminescence 
techniques [36—42]. subnanosecond-scale fluores- 
cence depolarization [43], and light scattering [44]. 
Frauenfelder and coworkers [21] have developed 
elegant means for looking at protein motions, 
through temperature-dependent X-ray crystallo- 
graphy (cf. Ref. 22). And, they [18] have provided 
a model system for examining the role of protein 
fluctuations in ligand binding, using flash photoly- 
sis. In particular, fluorescence-quenching methods 
have found increasing usage in the elucidation of 
protein motions [13,45,46]. The possibilities of par- 
асірайоп of nanosecond-scale motions in enzyme 
activity have been revealed for particular enzymes 
[41,46]. (However, some quenching data have been 
interpreted also in an alternative way [47].) Recent 
refinements of this technique include double- 
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quenching methods, for distinguishing between 
surface fluorophors (e.g., tryptophan) and those 
buried within the globular protein [42]. Förster- 
type resonance energy transfer has also been ap- 
plied to the analysis of protein fluctuations [48]. 
Virtually all of these many approaches share the 
common characteristic, unfortunately, that func- 
tional properties (e.g., catalytic action) can very 
rarely be examined simultaneously with the actual 
study of the protein dynamics. 

Kinetic experiments, following ligand-binding 
and catalytic activity as a function of varying 
environmental conditions (e.g. viscosity), have 
given suggestive evidence for the general role of 
protein dynamics [4,18,41,42,49—52]. Likely 
candidates for direct verification are those en- 
zymes, whose active regions operate in a 'hinge- 
bending’ manner [53]. Following the course of 
such motion, parallel to ligand association//dis- 
sociation and/or catalysis, may yield clear evi- 
dence. Positive results from these relatively simple 
systems will give more validity to the various 
indirect evidences and to the theoretical modeling. 

Direct measurement of protein fluctuations in 
the microsecond or millisecond time-range, more 
closely relevant to that of most enzyme catalytic- 
turnover number, has not been possible. However, 
recently developed techniques using time-resolved 
phosphorescence anisotropy, delayed fluorescence, 
and ground-state depletion may yield such a time- 
window [38—40,54]. 

There must be given increased attention in the 
future to the nature of events occurring af the 
protein-solvent interface. As stressed so cogently by 
Careri et al. [12], the coincidence of the time-do- 
mains of enzyme-catalytic processes with the 
time-domains of many internal protein motions 
seems beyond fortuity. This is especially important 
for the case of water-protein interaction [12,24—27, 
55-57]. Kinetic and thermodynamic studies have 
suggested that protein hydration plays a critical 
role in the dynamics and energetics of enzyme 
action. 

There have been virtually no attempts, thus far, 
to study internal protein motions during the course 
of enzyme action. Experimental verification, of the 
direct participation of protein dynamics, is a chal- 
lenging task and of fundamental importance to 


our understanding of the mechanism of enzymes. 
Although recent advances in experimental tech- 
niques hasten the attainment of that goal, such 
efforts remain hindered by a number of diffi- 
culties. Even the most sensitive methods demand a 
certain critical subpopulation of active enzyme 
molecules in a given sample. Association /dissocia- 
tion conditions, for example, make it difficult to 
realize the requisite ligand-saturated concentration 
of active enzyme and, concomitantly, the percepti-' 
ble rate of product formation (or substrate con- 
sumption). It is hoped that these technical diffi- 
culties will be overcome with advancing method- 
ologies. 

Experimental thermodynamics (e.g., calorime- 
try) may yield some useful avenues into the en- 
ergy-transduction problem. However, conventional 
thermodynamic analyses of enzyme reactions yield 
little insight in this regard. This is particularly 
applicable to measurements of overall AG values. 
As discussed in subsection ПА, С and AG contain 
no information about the ‘heat’ and, thus, no 
information about fluctuations. Moreover, in sys- 
tems (such as protein-based reactions) with large 
AC,, AG does not rélate in a straightforward 
manner to AH and AS [25,26,28]. As stressed by 
Lumry (unpublished data), “if the fluctuational 
basis for biological function proves to be correct, 
we have been in the extraordinary position of 
making all the measurements but whose we need 
the most”. In principle, heat-capacity studies over 
wide temperature ranges (ideally, down to 0 K) are 
necessary, in order to separate the ‘motive’ and 
‘compensation’ (fluctuation) parts of AG. Yet, such 
approach is difficult in practice [26]. Other authors 
(e.g., Refs. 23, 52, 63) have discussed the applica- 
bility and limitations of thermodynamic analyses 
in the study of enzyme reactions. 

The dynamical nature of enzyme action is 
rapidly gaining firm theoretical foundation; and, 
there is a clear and present challenge in the experi- 
mental realm. The ‘message’ emerging from the 
energy-transduction aspect implies, as phrased by 
Lumry (unpublished data), “a harder and longer 
road to understanding of biological mechanisms 
than has been generally anticipated. However, the 
devil we know is better than the devil we don’t, or 
so stills appears to be the case in science”. 


ПС. Protein-dynamical models 


Let us look briefly at the features of the therm- 
ally based protein-dynamical models of enzyme 
action (see Refs. 4 and 19). What differentiate the 
various models are the types of surface phenome- 
non assumed to serve as the source of the energy 
and the suggested mode of linkage between the 
ambient source and the enzyme active-site. 


IIC-1. Group-transfer-hydration model 

Low and Somero [55,56] have offered a mecha- 
nism of enzyme action, involving the hydration 
properties of residues on the protein surface. The 
model proposes that the transfer of surface 
amino-acid groups into or out of the protein inter- 
ior, during rate-limiting steps of enzymic processes, 
may modify the energetic characteristics of cataly- 
sis. These energy changes are due to alteration in 
the organization of water around surface side- 
chains. The observed perturbing influence of neu- 
tral salts on enzyme catalysis is considered in 
support of this notion. The temporal connection, 
between the surface-group transfers (which, in 
reality, are probably slight ‘flickers’) and specific 
catalytic events, may be part-and-parcel of other 
energy-transduction models below. 


IIC-2. Mobile-defect model 

Lumry and Eyring [58] suggested long ago, that 
many protein functions might be based on energy 
(and volume) fluctuations, due to extremes in 
vibrational and bond-rearrangement features. 
More recently, Lumry and Rosenberg [59] formal- 
ized this notion into a specific model — the ‘mo- 
bile-defect hypothesis’, Local regions of the globu- 
lar protein where distortions and poor secondary 
(e.g., hydrogen) bonding occur are termed ‘defects’. 
The previous authors [59] proposed that, “proteins 
are selected to have a considerable amount of free 
volume which migrates, collecting to form mod- 
erately large cavities on occasion and dispersing 
into small vacuoles continuously without apprecia- 
ble change in free energy among the conformers so 
produced by the migration of these ‘mobile de- 
fects’ "(see Fig. 2). These ‘defects’ are inter- 
connected in a highly cooperative manner, corre- 
lated by atomic packing and bonding patterns in 
the protein fabric [14]. Their occurrence implies 
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Fig 2. A rough two-dimensional projection of channel produc- 
tion by rearrangement of the free-volume increments associated 
with mobile defects. Channel is shown ш the right figure. 
Crosses represent regions of good bonding which are potential 
defects. Cross-hatched ellipsoidal symbols are defects showing 
broken hydrogen bonds. (Reproduced from Ref. 59 with the 
kind permission of the authors.) 


local, transient increases in free energy, which, in 
the vicinity of the enzyme active center, could 
direct mechanical strain along reaction coordinates 
relevant to catalysis. 


IIC-3. Electro-mechano-chemical models 
Electro-mechano-chemical models view the en- 
zyme specifically as a thermally activated inducer 
of substrate-bond polarization or distortion. This 
view has been developed by a number of workers. 
Green et al. [60] suggested that oscillatory motion 
of the protein generates, transiently, a stabilized 
conformational state in which the bound substrate 
is subjected to directional (local) electric fields 
relevant to catalytic events. This electro-mechano- 
chemical view assumes that critical active-site co- 
ordinates are coupled specifically to low-frequency, 


CONFORMATIONAL 
AMPLITUDE 





TIME 


Fig. 3. Diagrammatic representation of the periodic flip of a 
protein from one conformation (A) to another (B), іп the 
*electro-mechano-chemical' model of Green (Ref. 60). The 
oscillatory motions of the protein due to atomic vibrations are 
orders of magnitude faster than the conformational fluctua- 
tions. (Reproduced by kind permission of the author and of the 
publisher.) 
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collective vibrational modes of the protein struc- 
ture (see Fig. 3). In order for the critical, internal 
protein coordinates to be strained long enough for 
initiation of the catalytic process, the 
electro-mechano-chemical model proposes that in- 
tramolecular interactions (e.g., hydrogen bonds) 
would stabilize, intermittently, the protein confor- 
mation at extremes of the oscillatory motion. 
Fróhlich [61,62] has cast the electro-mechano- 
chemical model into a rigorous physical form, 
relating to the dielectric properties of proteins. 
Here, metastable conformational states are as- 
sumed to be coupled to giant dipole oscillations in 
the protein. Alternatively, Blumenfeld [63] pro- 
posed that enzyme catalysis might be linked to a 
protein-conformational relaxation — as opposed to 
a transient strain. 


ПС-4. Statistical time-correlation model 

A statistical model, developed by Careri et al. 
[11,24,65], proposes that the ‘secret of an enzyme’ 
lies in its ability to let the relevant conformational 
fluctuations occur with a well-defined time correla- 
tion. This does not mean a rigid coupling between 
conformational variables, rather a statistical corre- 
lation in their rate of change around equilibrium. 
From typical numerical values of enzyme-catalytic 
constants and of associated activation-energies, the 
previous author [11] determined that ‘active’ con- 
formational fluctuations must originate from that 
part of the frequency spectrum which is centered 
around 10% s^!, Canvassing the literature, con- 
cerning the various kinds of fluctuations which 
occur within globular proteins and at the solvent 
interface, one notes the occurrence of quite a 
number of different statistical events (e.g., relaxa- 
tion of bound water, proton-transfer reactions, 
local conformational motion (breaking of hydro- 
gen bonds), solvent charge-density fluctuations), 
having a similar correlation time in the range 
10-7-10-7 s. In this view, it is proposed that the 
internal enzyme structure is *programmed', such 
that the temporal course of catalytic events is 
governed through the spacetime fluctuating nature 
of solvent-surface interactions. 


IIC-5. Transient-strain model 
Тһе transient-strain model was constructed by 
Gavish [66,67] and later by Frauenfelder's group 


[18,52]. It also focuses on a critical active-center 
coordinate(s) and assumes, as above, that en- 
zymatic function is governed by transient strains 
developed during conformational transitions. 
Physically, the model views the structural fluctua- 
tions of the enzyme-substrate complex, around the 
critical reaction coordinate, as the motion of a 
particle connected to a spring imbedded in a 
viscous liquid and acted on by a random force 
(i.e., the protein matrix is considered a ‘Fokker- 
Planck fluid. Interacting with the impinging 
solvent molecules through random collisions and 
frictional forces, the fluctuating protein structure 
has a certain probability of reaching a given de- 
gree of internal strain (see Fig. 4) Basing the 
model on the Kramers theory of chemical kinetics, 
Gavish [66,67] and Beece et al. [52] obtained an 
explicit formulation of the enzyme catalytic rate 
constant, Кү, as: 


Ки = (А/ + A Je 4787 (5) 


where А is the ‘activation energy’ (enthalpy), 7, is 
solvent viscosity, A is a function of structural 
parameters characterizing the potential-energy 
profile, the exponent = (where 0 < е < 1) relates the 
attenuating influence of the protein matrix on 
solvent viscosity, and A’ is an empirical (viscosity- 
independent) parameter. 


IIC-6. Molecular enzyme kinetic model 

This model, developed by Somogyi and 
Damjanovich [4,68—72], also focuses on the issue 
of *energization' at the protein-solvent interface. It 
is supposed that there is a specific statistical cou- 
pling of events at the interface with the catalytic 
process. However, no explicit assumption has been 
made regarding the manner of coupling to ‘геас- 
tion-center coordinates’. Originally, it was pro- 
posed that the energy for catalytic events is ex- 
changed between the protein and its environment, 
by means of interaction patterns with solvent/so- 
lute particles, and that this energy-exchange is 
correlated in some way to the active site. Broadly, 
the term 'collision' can be interpreted as direct 
momentum transfer or as a local binding/relaxa- 
tion impulse (see subsection IIC-4). The model 
proposes that catalytic processes demand *colli- 
sional excitation on the protein surface, with 
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Fig. 4. Transient-strain model of enzymic catalysis (see Ref. 51) 
(a) Discrete catalytic steps during the cleavage of a specific 
bond in a substrate $, which forms a complex with the enzyme 
E to give a product P. The binding of E to either S or P may 
include electrostatic interaction between charges. The bond 
breaking occurs during the transition through the ‘activated 
complex’, shown during its decay to EP (note the distortion in 
E and S). The latter dynamic process is the result of structural 
fluctuations. These originate from the collisions of the solvent’s 
molecules (black circles with arrows) with the complex, accom- 
panied by various modes of motion of parts of the complex 
through the solvent (small arrows), which acts to dissipate their 
kinetic energy. ag, ат and ар are the lengths of the scissile 
bond at the discrete states shown above. (b) Description of the 
catalysis by means of potential energy vs. scissile length. Struct- 
ural fluctuations (double-edge arrows) possess an average ther- 
mal energy, RT. The conformational transitions ES — EP occur 
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well-defined organizational patterns in space, time, 
and energy. The model yields an explicit form of 
the enzyme-catalytic constant, as: 


kam P kar (6) 


5 


where т, is solvent viscosity; Ё, is a composite 
symbol, representing a method of averaging and 
conditional probability according to the manner 
by which the enzyme molecule progressively accu- 
mulates the requisite energy; and P contains prob- 
ability factors defining formally the specific pat- 
tern of interaction between the protein and the 
solvent/solute system [69]. 


IIC-7. Molecular-dynamics approach 

In recent years, molecular dynamics has emerged 
as a powerful method for computing the average 
and time-dependent properties of protein systems 
[15-17,73]. Basically, this involves computer-in- 
tegration (for a finite time period) of the classical 
equations of motion for all the atoms of the mole- 
cule. Such approach has yielded significant conclu- 
sions apropos of enzyme function. For example, it 
has been found that the most important influence 
of the solvent is on the dynamic average structure 
of the protein [74]. The magnitudes of atomic 
fluctuations in the interior of the protein are little 
influenced by the presence of solvent (as compared 
to that in vacuo), while there is an increase in the 
relaxation times of these fluctuations. However, 
for atothic groups at the protein surface, the solvent 
alters both the magnitude and the time-course of 
the fluctuations. The motions of surface atoms are 
found to have a more correlated, diffusive character 
in the presence of solvent, than for the in vacuo 
case. A study [75] of the time-dependence of the 
atomic motions indicates that groups of atoms in 
the protein move (‘diffuse’) collectively, as single 
‘quasi-particles’. These collective, low-frequency 





at rate k by overcoming an energy barrier of height A. (c) The 
evolution in time of structural fluctuations and conformational 
transitions. The horizontal dashed lines represent the assump- 
tion that after releasing the product the enzyme rapidly reaches 
its initial state. The steps of formation or breaking the complex 
(denoted by points) are assumed to be relatively rapid processes. 
(Reproduced with kind permussion of the authors and of the 
publisher.) 
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‘modes’ have an inhomogeneous character and, 
because of their extended nature, would be more 
sensitive to the solvent environment. Indeed, 
Swaminathan et al. [75] suggested the possibility, 
that such *quasi-paricles' are involved in transmit- 
ting solvent effects to the protein interior (e.g. 
enzyme active-site). Very recently, Northrup et al. 
[76] described a molecular-dynamics rate-constant 
formulation, applicable to reaction rates of 
activated process in globular proteins (see Section 


П). 
Ш. The nature of thermally based enzyme action 
IIIA. Arrhenius Law as a focal point 


Clearly, the central theme of Section II is the 
idea that the enzyme is an energy transducer, in 
the sense that spatiotemporal ordering of the 
fluctuational behavior of the protein molecule 
serves an integral role in catalysis. The great num- 
ber of atomic components in a protein molecule 
and the stochastic nature of their thermal motions 
dictate that meaningful theoretical modeling must 
ultimately employ the tools of statistical mecha- 
nics — in particular, a correlation-function formula- 
tion (see subsection IIIC). It is not possible at 
present to pursue this course with great precision, 
due to the paucity of information on the dynamic 
nature of the protein interior. From the standpoint 
of free-energy transduction (as distinct from the 
matter of mere structural stability), there appear to 
be two relevant pictures of the protein matrix: (i) a 
dense, hard-sphere fluid [15,16] and (1) a fluctuating 
network of hydrogen-bonded particles [12,59,62,65, 
77,78]. Thus far, both representations have con- 
tributed to our (rather crude) understanding of the 
energy-transduction process. Probably, a given en- 
zyme protein employs some combination of the 
two in its catalytic function. (Perhaps, we might 
avoid the distinction and simply designate the 
protein a ‘liquid crystal’ |7912 

Progress, in the dialectical course toward 
elucidation of the dynamical ‘secret’ of enzymes, 
may be fostered by recognition and unification of 
common features in the various models above. 
Here, we present a generalized view which em- 
braces ideas from all of the models. Our approach 
is a purely formal one, as none of the models have 


yet to acquire a sufficiently rigorous mathematical 
rate-constant formulation (cf. subsections ПС-5, 
ПС-6 and ПС-7 above). 

We begin, by considering the protein (transduc- 
ing unit) as a structure imbedded in (and at equi- 
librium with) a large thermal reservoir at constant 
temperature and pressure, as per the discussion in 
subsection ЦА above. We make the usual assump- 
tion that the enzyme-substrate complex, ES, pro- 
ceeds toward product in the manner, ES = 
(ES)? = EP 2 Е + P, where (ES)? represents the 
‘activated complex’ (transition state, or saddle 
point), We suppose that the transition ES -> EP is 
rate-determining on the forward pathway. The rate 
constant, Kean characterizing this step is our con- 
cern. The overall free-energy change associated 
with the transition state may be decomposed into 
two contributions: that from chemical processes 
(e.g., E-S binding, solvation/desolvation effects) 
localized specifically at the active site, and that 
from the protein matrix interacting with the bound 
chemical subsystem [4,51,52]. We shall consider 
only the latter contribution. We assume any rate 
process involving the protein to be characterized 
by a fluctuation enthalpy. Hence, if a catalytic 
event demands an enthalpy А? in the protein, the 
rate (following the aforementioned treatment by 
Kemeny [23]) will be given by the rate of occur- 
rence of fluctuations: 


kiu = ky WHET) (7) 


where k, is a frequency factor and W(h*,T) is а 
probability distribution describing the fluctuating 
enthalpy of the protein at temperature 7. (The 
‘prime’ оп К, reminds us that we are considering 
only the protein contribution to the transition-state 
passage.) This distribution has the form: 


WAT) = exp - TES) T 


% 


where H and S are mean enthalpy and mean 
entropy, respectively, of the protein body. The 
factor s is a fluctuation entropy defined by: 


s(4*) = In а(н?) (9) 


with g(h*) the density of states (or statistical 


weight). 


One might make the correspondence to the 
usual transition-state formalism, by defining an 
‘activation enthalpy’, ДН = А+ — H, and an 
‘activation entropy, AS*<s—S=AS°, where 
AS? represents an upper limit. The latter identifi- 
cation comes from the realizaton, that not all 
states with the requisite energy fluctuation will be 
effective in the given rate process. That is, the 
energy must appear :n the proper degrees of free- 
dom. Accodingly, we may rewrite Eqn. 8 as: 


3 —AH* 
ke =k, eS i /k е АН? /КТ 


= kp e ANIA? (10) 


We have a modified frequency factor, К, which 
defines the rate of energy uptake (transfer), as well 
as the probability that it occurs in the appropriate 
degrees of freedom. The chemical mechanism of 
catalysis, specified by the active-site configuration 
(Gn conjunction with the bound substrate), dictates 
the energy АН? (or the ‘motive’ part thereof — see 
subsection ПА). It is the protein matrix (іп 
communication with the ambient medium) which 
determines the rate at which the active site obtains 
that energy, through the factor k,,. And, this is a 
major distinguishing factor in the various models 
in Section П.* 

In the ensuing development, we first consider a 
‘local’ view of the enzyme-catalytic process, with 
the enzyme-substrate complex regarded as quasi- 
independent thermally from the surrounding 
medium (ie. high-viscosity limit). Then, we 
proceed to Ше complete picture of the protein 
matrix, as a free-energy transducer between the 
solvent phase and the active-center (i.e., low-to- 
moderate viscosity range) Viscosity is an ap- 


* When applying the Arrhenius rate law (and its transition-state 
form) to enzyme-catalyzed reactions, one must exercise great 
care Consideration of the contributions of the protein ma- 
trix to the A Н+ and 45 terms can lead to gross misinterpre- 
tation, as stressed by Blumenfeld [63]. Eqn 7 is perhaps 
more general. In the present treatise, we employ the transi- 
tion-state theory in a purely formal sense, for intercompari- 
son of the tenets of the various protein-dynamical models 
(see Ref. 4). In view of the relatively imprecise form of the 
rate constants at this stage in the development of the models, 
the transition-state theory may be beneficial in allowing a 
preliminary discussion of the physical foundations, using 
familiar thermodynamic and statistical-mechanical concepts. 
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propriate parameter relating to the modality of 
thermal interaction (at a given temperature) be- 
tween the protein ans solvent medium. At the 
microscopic level, the mobility of the particles com- 
posing the system is proportional to 1/3 [80]. The 
thermal ‘(de)energization’ of an enzyme-substrate 
complex is determined by that ‘mobility’ — whether 
it specifies direct diffusional/collisional interac- 
tion of the solvent molecules with the protein or 
binding/relaxation of the solvent/solute particles 
with the protein, according to the particular as- 
sumptions of the theoretical models in Section II. 


ТИВ. The ‘local’ view of enzyme catalysis 


It is well-known, that an enzyme effectively 
enhances the reaction rate by lowering the activa- 
tion energy. This is accomplished, not by the utili- 
zation of the many degrees of freedom of the 
protein as а ‘reservoir of excess thermal energy’ 
(see Section IIA), rather by the creation of an 
alternative mechanistic pathway under special 
microenvironmental conditions at the active-center 
[81]. Stereospecificity, as well as elaboration of the 
reaction mechanism, demand that the substrate 
must be bound to the enzyme active-site at multiple 
(usually many) points. Тһе enzyme-substrate inter- 
actions (most of which are electrostatic in nature) 
are very strong in the active-site, owing to the low 
dielectric constant in the hydrophobic core of the 
protein [81,82]. Thus, we can assume tight cou- 
pling of the bound substrate to the immediate 
(local) region of the protein and regard the en- 
zyme-substrate complex as a single entity. 

Of course, many of these contact interactions 
between the enzyme active-site and the substrate 
play roles in the facilitation of catalysis. Hence, we 
can specify them as ‘relevant active-site variables 
(coordinates)' [11]. These ‘coordinates’ may be key 
bond-lengths, charge-separations, charge-transfer 
parameters, etc. (see Fig. 5). It is the configuration 
of these ‘coordinates’ which actually defines the 
chemical mechanism of the catalytic reaction and, 
concomitantly, the value of the energy, АН?, in 
Eqn. 10. Yet, these ‘coordinates’ are not static - 
nor can they be, since in general a multi-step 
catalytic process would require spatiotemporal 
change in their configuration. On a relatively short 
time-scale, these ‘coordinates’ (more specifically, 
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Fig. 5. Sumple representation of the active-site configuration of 
an enzyme-substrate complex, in the ground state (A) and 
transition-state (B). In the trnasition state, bonds in the sub- 
strate may become labilized and/or transient charges (86*,87 ) 
may develop The critical active-site groups (which are in- 
terconnected to the ensemble of particles in the protein matrix) 
are in constant thermal motion (see text). 


the particles relating to them) are subject to sto- 
chastic motion, due to their interaction with the 
ensemble of particles composing the surrounding 
protein matrix. 

We arrive at a crucial point regarding the “оса? 
nature of enzyme catalysis — a point which may be 
obvious, yet demands emphasis here. An enzyme 
lowers the activation energy of a given reaction 
(and enhances the rate by many orders of magni- 
tude), while increasing the number of degrees of 
freedom (viz., the ‘relevant active-site coordinates’) 
directly involved in the chemical reaction. This is a 
‘seemingly incompatible combination, as the prob- 
abilistic problem of coordinating the behavior of 
an increased number of constituent variables would 
tend to decrease the rate constant (see below). The 
multi-point interaction between Е and 5, which 
defines the stereospecificity and the very reaction 
mechanism, necessarily engenders an increase in 
the number (and kinds) of critical degrees of free- 
dom relevant to the chemical reaction. In turn, 
these ‘critical variables’ interact dynamically with 
the collection of particles composing the re- 
mainder of the protein structure. Thus one must 
logically conclude that the surrounding proiein 
matrix is uniquely ‘designed’ to be able to corre- 
late the spatiotemporal behavior of these active 
site ‘coordinates’, at least over some time-scale 
that is relevant to the catalytic process [11]. This 
idea is basic to any protein-dynamical view of 
enzyme action and, indeed, explains (at least par- 
tially) why enzymes must be so ‘big’ (and globular 
in shape). 


In terms of energy exchange, we see that the 
bound substrate is interacing with two thermal 
reservoirs. There is the immediate protein body 
and, indirectly, the surrounding solvent medium. 
Accordingly, the enzyme ‘active-site’ is subject to 
Langevin dynamics, as influenced by the fluctuat- 
ing nature of the protein body. The protein (at 
least, the surface portion thereof), in turn, is sub- 
ject to Langevin dynamics, as influenced by the 
fluctuating nature of the solvent system at the 
interface. 

In this section we shall take a ‘local’ view of the 
enzyme-substrate complex, imagining it as ‘iso- 
lated’ from the solvent medium. To construct this 
situation, we take the enzyme molecule to be at 
thermal equilibrium in a bath having very high 
viscosity. The rate of energy-exchange at the pro- 
tein-solvent interface would be greatly diminished 
(let us assume infinitely slow) here. Adding sub- 
strate, we somehow follow (in our ‘thought experi- 
ment’) the course of events in а typical 
enzyme-substrate complex, as it executes the cata- 
lytic process. Observing the same enzyme molecule 
through many such catalytic cycles (or, alterna- 
tively, sampling many enzyme-substrate com- 
plexes), we would be able to follow the ergodicity 
of the collection of particles in the protein body, 
as it generates the proper configuration for the 
catalytic process. We would find, that the ‘local’ 
dynamics of the enzyme active-center (with bound 
substrate) are specified by the internal motions of 
the protein matrix itself (at the given temperature). 

We want to consider the general form of the 
catalytic rate constant for a simple, one-step chem- 
ical process in this ‘local’ situation (i.e., quasi-in- 
dependent of the solvent medium). Following the 
approach in subsection ША, we now assume that 
the actiwe-site itself (with bound substrate) is a 
‘body’ immersed in a thermal reservoir repre- 
sented by the protein matrix. In order to relate this 
role of the protein as a ‘solvent’ for the chemcial 
reaction, let us start from first principles. When we 
have an ensemble of systems at equilibrium with a 
thermal reservoir at temperature T, elementary 
physical chemistry tells us that the probability 
P(E,) of finding a system with energy E, is: 


P(E,) E есет e^ а/КТ (11) 


which is just the canonical-ensemble distribution. 


The simplistic picture, represented by Eqn. 11, 
shows us the manner of ‘energization’ of the en- 
zyme active-site by the remainder of the protein 
‘solvent’. To see this, we suppose that the protein, 
when ‘decoupled’ from its natural solvent medium, 
does not manifest the energy-transduction modes 
which are present when it interacts normally with 
the solvent (see subsection ШОС). Thus, we assume 
as an approximation that the ‘relevant active-site 
variables (coordinates) (as well as the remainder 
of the ‘diffusional’ and ‘hydrogen-bond’ degrees 
of freedom in the two pictures noted in subsection 
JIA) are not correlated (or only weakly so) and 
sample the dimensionality of the protein-ensemble 
‘phase-space’ independently of each other (at least 
on a time-scale short compared to that of the 
catalytic cycle). Suppose the :th ‘relevant active- 
site variable’ of the enzyme-substrate complex must 
have an energy E, in the range E, x E, x E, for 
catalysis to proceed. Treating the complex in this 
limiting ‘local’ case as an equilibrium system fol- 
lowing a Maxwell-Boltzmann distribution, the 
probability P, for this event is obtained directly 
from Eqn. 11 as follows: 

Еш 
Pg, = J 2. e^ FAIT ДЕ, 


п 
= ет Ba/kT (1 Жа е74Е/кТ) (12) 


where АЕ = E, — E,,. (One replaces the summa- 
tion in Eqn. 11 by an integration over E, from 
zero to infinity, giving a value of unity. One notes, 
that in the event Æ, can go to infinity, Р. takes 
the familiar form, exp( — E,,/kT).) And, there are 
n such ‘relevant active-site variables’, each of which 
must satisfy the condition of Eqn. 12. In general, it 
is not enough that each of the n ‘ variables’ simply 
satisfy this energy condition. Because of stringent 
requirements on the coordinated motion of the 
critical * variables' during catalysis, there would be 
additonal probability factors relating to proper 
orientation, synchronization, etc., of these ‘ varia- 
bles’. Let us fomally include all such factors into 
опе term, Ps, for each of the n ‘variables’. 
Finally, we can write a simple expression for 
the ‘local’ form of the catalytic constant, K7,,, as: 


n 
с, = К, e7^B/«TTT а- e AE/KT) Ps, (13) 
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where: 


n 
AH= Y E, 


tm] 


Eqn. 13 indicates that the rate of the reaction is 
proportional to the probability that each of the 
separate ‘ variables’ simultaneously possesses an en- 
ergy within a certain range. This probability is just 
the mathematical product of the individual prob- 
abilites for each ‘variable’, The value for the 
frequency factor, k,, depends on the actual nature 
of the energy exchange between the active-site and 
the protein body. The limiting value, of course, 
would be the frequency of atomic vibrations (ap- 
prox. kT/h). Obviously, this is many orders of 
magnitude greater than typical values of enzyme- 
catalytic constants. However, the energy-transfer 
modes, in the pictures of the protein interior indi- 
cated in subsection IIIA, entail frequencies consid- 
erably lower than for atomic vibrations. Addition- 
ally, the frequency factor in Eqn. 13 is tempered 
by the aforementioned probability factors, Ру. 
Following Eqn. 10, we have: 


n 
k, Tk | | 5, (14) 


1-1 

The fundamental form of Eqn. 13 (which is 
analogous to Eqn. 10) is at the heart of the sto- 
chastic nature of the ‘energization’ of the enzyme 
active-site by the transducing protein matrix — 
whether the protein be viewed as a dense hard- 
sphere fluid or a hydrogen-bond network, accord- 
ing to subsection IIIA. The application of the 
fomulation in Eqns. 11-13 to these detailed pic- 
tures of the protein milieu intérieur demands more 
specific elaboration of the probability distribution 
in Вар. 7. Fittingly, W(h?,T) can be expressed in 
precisely the (integral) form of Eqn. 11, so that: 


W(AST)- aU ехр(– h*/kT) _ (5) 


КО) exp(—h/kT) dh 
0 





where, as in subsection ША, g(h*) is specified as 
exp(s(h*)/k) [23]. The most general way to pursue 
W(h*,T), applicable to all models of protein dy- 
namics, is to cast it into a ‘coordinate-space’ form. 
Let us label the л ‘relevant active-site coordinates’ 
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aS т, №, ,....м. Then we can assign а density 
function, P(n, ғ, ,...,r,), to this collection of 
coordinates, corresponding to the probability of 
finding a given configuration in a statistical 
(canonical) ensemble of all the other internal coor- 
dinates. We suppose, that ‘energization’ of the 
enzyme active-site for catalysis requires a config- 
uration wherein the coordinates т, ғ, ,...,r, all 
have a specific range, corresponding to a defined 
n-dimensional volume element V*. Then the prob- 
ability of finding an enzyme-substrate complex in 
this state will be: 


Гвоч 

w(st) = (16) 
] Р) 
po 


where $ symbolizes the composite reaction coordi- 
nate (м, ғ, ,...,n,). The numerator is integrated 
just over the ‘transition-state volume’, V*, whereas 
the denominator is integrated over the entire space 
available to the coordinates (denoted У“). We can 
now apply Eqn. 16 to the two (transducing) pic- 
tures of the protein matrix: 


Case 1. Dense, hard-sphere fluid 

Using the molecular-dynamics paradigm of 
subsection IIC-7, Northrup et al. [76] employed 
the ‘phase-space trajectory method’ of Eqn. 16 to 
formulate rate constants for reactions in proteins. 
Their rate constant has the general form: 


к= за фр ($4) И f PCS) а (17) 


where, as above, $ represents а composite 
reaction-coordinate of a localized region of the 
protein. р(2%) corresponds to the numerator in 
Бап. 16. Here, Р($) is normalized around the 
initial-state * valley' preceding the transition state, 
and the integral in eqn. 17 is performed over all 
possible values of 2 in the configurations of this 
‘valley’. The quantity (|) is the average (abso- 
lute) value of the *crossing velocity' (evaluated at 
{%), and к is a ‘transmission coefficient’ (by anal- 
ogy to the transition-state theory formalism). 
Northrup et al. [76] used this rate-constant form 
to describe rotational isomerization of an aromatic 
ring in the small protein, bovine pancreatic trypsin 


inhibitor. The molecular dynamics (computer 
simulation) approach of subsection IIC-7. is em- 
ployed, with empirical energy functions assigned 
to the various particle interactions inside the pro- 
tein. For determination of the rate constant k 
(more specifically, p(¢*)), the protein is prepared 
by ‘heating’ it to a given temperature, prescribing 
a Maxwellian distribution of particle velocities. 
The numerical results from this simulation demon- 
strate the feasibility of the molecular-dynamics 
method of calculating rate constants for reactions 
in proteins. 

As detailed by the previous authors [76], we 

may associate with P({) a ‘potential of mean 
force’, Е($), defined by the relation (see subsection 
ПА): 
Е(Ә--атағ(0 (18) 
And, by virtue of the correspondence between 
F(§) and the Helmholtz free-energy change, we 
have Е({) = ДЕ({) ~ ТА8(%). Assuming the pV 
term is negligible, E = AH [76]. Thus, from Eqn. 
17 we recover the form of Eqns. 10 and 15. 


Case 2. Hydrogen-bond network 

In order to derivatize Eqns. 15 and 16 for this 
picture, we follow in extenso a protein-fluctuation 
model proposed by Ikegami [77]. The dynamical 
structure of the protein is characterized by the 
fluctuating state of secondary bonds between 
unique pairs of sites in the polypeptide. The in- 
stantaneous free-energy of the protein ‘structural 
state’ is then defined by the fraction (Y) of sec- 
ondary bonds in the bonded state. Ikegami [77] 
developed an explicit form for the Gibbs free 
energy of the protein molecule, G(T, Y), as a 
function of temperature and ‘structural state’ (de- 
fined by Y). For simplicity, it was assumed that 
all of the possible secondary bonds have the same 
properties (e.g., bond energy, number of nearest- 
neighbor bonds, energy loss per bond-pair in dif- 
ferent states), and that the number of conformations 
produced when a single bond breaks is the same 
for all bonds. Accordingly, the previous author 
defined the probability density of the system, 
W(T,Y), as: 


ТУ) = ~ exp(- G(T,.Y)/kT) _ (19) 


f ev - 6C. Y)/kr) a 
0 





with the standard state for С set at 0 К (ie, 
Y = 1.0). Using an explicit expression for G(T,Y ), 
Ikegami [77] applied Eqn. 19 to the study of 
overall protein structure, gross structural changes 
(e.g., denaturation) and average values of processes 
dependent on specific structural states. 

No rate-constant formalism, based on this ‘sec- 
ondary-bond network' picture, has yet been devel- 
oped. In order to pursue this, one might suppose 


that ‘energization’ of the enzyme active-site re- ` 


quires a certain number of bonds (say, hydrogen 
bonds) in the protein matrix to be in the bonded 
(or unbonded) state. Then, one would express the 
catalytic rate constant, Кош, in terms of the type of 
probability function in Бап. 19, multiplied by an 
appropriate frequency factor (k,). As an upper 
limit, this factor might be approximated as the 
vibrational frequency of hydrogen bonds. 

Before the Ikegami approach can be applied to 
the kinds of protein-dynamical models in Section 
П (especially IIC-2 and ПС-4), additional entropic 
considerations are necessary. Ás indicated above, 
expediency in calculating the entropy part of 
G(T,Y) demanded some simplifying assumptions 
— viz, isotropy in the hydrogen-bond network. 
Evidently, active-site processes would require ani- 
sotropy in the spatiotemporal behavior of these 
bond patterns. From the theoretical viewpoint, the 
most appropriate route here might be the develop- 
ment of an internal coordinate system which rep- 
resents the various secondary bonds as vectors. 
'Then, one could construct Eqn. 16 or 19 according 
to the probability that these various vectors (of 
stochastic magnitude) ‘project’ (as their vector dot 
product) in a specific way onto the ‘relevant ac- 
tive-site coordinates’ [83]. 

From the foregoing, we see that a conceptual 
framework may be gradually emerging, for model- 
ing the ‘local’ interaction between the protein ma- 
trix and the active-site of an enzyme. In all likeli- 
hood, the formal distinction between the two cases 
above will break down. The scheme of Case 1 is 
the more general. Potential-energy functions for 
hydrogen bonds, for example, can be included in 
the molecular-dynamics simulation [84]. Should 
such bonded interactions dominate the ‘energiza- 
tion’ of the active-site of a given enzyme, then, the 
molecular-dynamics approach would, in principle, 
reveal this feature. Reification of this theoretical 
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modeling, of course, must await additional infor- 
mation on the nature of protein dynamics (espe- 
cially the role of the ‘external’ solvent), as well as 
further studies from X-ray crystallography (in def- 
ining the proper ‘coordinate spaces’ inside the 
enzyme). 

Concluding our ‘local!’ view of enzyme catalysis, 
let us return to the simple representation of Eqn. 
13. It is important to reiterate, that enzyme cataly- 
sis, as a dynamic process, demands of the protein 
matrix (the ‘local’ solvent) more than simply ап 
energetic fluctuation. It requires a specific config- 
uration in the ‘phase space’ (i.e., a definite pattern 
for the coordinates and momenta) of the ‘relevant 
active-site variables’, This, in turn, entails steric 
positioning, synchronization, etc. — all lumped into 
the probability factors Р, in Eqn. 13. If the critical 
‘variables’ all behaved independently, in their in- 
teractions with the protein matrix, one sees from 
Бап. 13 that the rate constant would be quite 
small. For example, suppose that there are four 
critical ‘variables’ (n = 4), and that for each the 
value of P, is 1- 107?. This, in itself, would lower 
the rate by an overall factor of 1-1078 (see Eqn. 
14). 

Certainly, the protein matrix must be designed, 
not only to present the active-site with the actual 
three-dimensional arrangement of requisite atomic 
groupings (as per the classical view of the enzyme), 
but, also, to correlate dynamically their motions 
during the catalytic process. To avoid the apparent 
entropic cost (e.g., P, ) of this motive design, as it 
relates to the large number of particles in a protein 
molecule (see Eqn. 10), one is led to assume that 
many of the degrees of freedom in the enzyme are 
coupled dynamically — at least on some time-scale 
relevant to catalysis [11]. In order to understand 
this aspect, we must exceed the ‘local’ level and 
consider the general role of the enzyme molecule 
as an energy transducer mediating between the 
ambient medium and events at the active-site. 


ПІС. The energy-transduction modality: the “тутоп? 


Now, we must relax the high-viscosity restric- 
tion of subsection IIIB and consider the enzyme- 
substrate complex interacting freely with the 
solvent (i.e., low-to-moderate viscosity range). It is 
in this range that we would expect the energy- 
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transduction modes, as suggested in Section II, to 
be manifest. Based on the reasoning of subsection 
TIIB, we will take a ‘leap in logic’ and assume that 
such modes exist in enzymes [4]. It will be our task 
in this section to examine the evidence (such as 
there is) for the functional nature of these modes. 

Basically, the protein molecule is viewed as 
interacting (stochastically) with the medium in such 
a way, that energy is ‘borrowed’ (as a fluctuation) 
from the reservoir and transduced ‘somehow 
through the matrix to the active-site. (The net 
free-energy change at the end of transduction is 


zero, so the Second Law of Thermodynamics is. 


inviolate — see subsection ПА). We concluded in 
subsection ПІВ that the various critical ‘coordi- 
nates’ at the enzyme active-site must be dynami- 
cally correlated (at least on a time-scale relevant to 
the catalytic process), This feature intimates, that 
‘something’ at the protein-solvent interface, acting 
through the protein ‘mediator’, induces the proper 


correlation of active-site variables (see subsection 


ПС). It is important to stress the point that this 
correlation phenomenon does not imply a rigid 
structural coupling among degrees of freedom in 
the protein, rather a (relatively) long-time statisti- 
cal effect (see Fig. 6). (In fact, on time-scales much 
shorter than that of the catalytic cycle, we might 
expect the critical active-site ‘ variables’ to perform 
apparently uncorrelated dynamics.) 

In principle, the probability distribution for the 
population of the (ES)? state is a function of the 
complete phase space (1.е., the generalized coordi- 
nates and momenta of all the particles composing 
the ES complex and the solvent). In order to 
pursue a completely rigorous description of the 
enzymic rate process, one must integrate the classi- 
cal equations of motions for ай the atoms of the 
protein molecule, including the various interaction 
potentials for the protein interior and for the 
solvent-protein interface. Molecular-dynamics 
simulations [15,16,73—76] along this line have re- 
vealed important information on protein motions 
(see subsections ПС-7 and ШВ). Yet, present limi- 
tations on computer-time requirements preclude 
such a general approach, except for small proteins 
with integration over relatively short time-span. 
Here, we construct the rate process approximately, 
by viewing the protein matrix at a higher 
hierarchical level than the constituent atoms. One 











Fig. 6. Local free-energy fluctuations in the enzyme-substrate 
complex. A catalytic step might require coordinated fluctua- 
tions at, say, points 1, 2 and 3 in the complex. This fluctua- 
tional pattern would occur with a recurrence time 7 when the 
system is ‘de-coupled’ from the solvent medium (A) and with т, 
when ‘coupled’ appropriately to the solvent (B) (cf. Fig. 4). 


may expect the individual atoms to perform rather 
high-frequency motion, the character of which is 
uniform throughout the protein structure [75]. A 
common denominator of all the existing theoreti- 
cal models in subsection ПС (see Ref. 4) is the 
basic postulate, that the protein is designed to 
communicate with the medium in such a manner 
as to correlate the motions of the requisite atomic 
groupings during the catalytic process. Clearly, the 
protein-dynamical basis of enzyme action must be 
sought in lower-frequency collective motions, hav- 
ing an inhomogeneous distribution in the protein. 

In this vein, we can narrow our concern to two 
aspects. ` 

(1) In order to bring the critical ‘variables’ into 
the proper phase relation, with a ‘coherence time’ 


commensurate with typical catalytic turnover-rates 
of enzymes, the protein matrix must be viewed as 
a highly inhomogeneous ‘fluid’ or as an anisotropic 
secondary-bond ‘network’ (depending on one's 
disposition toward the two cases in subsections 
IIIA and IIIB). 

(2) Interacting with the random generator in the 
surrounding medium, these ‘collective’ degrees of 
freedom must be able to screen (select from) the 
ambient ‘noise’ according to specific ‘excitation 
patterns’. 

Let us consider the first aspect. Recalling our 
discussion from Section ШВ, this stems from the 
entropic ‘cost’ of the ‘energization’ process. From 
a functional perspective, the number of internal 
degrees of freedom in the whole protein which 
effectively participates in ‘energization’ of the ac- 
tive-site must be rather small. That is, the individ- 
ual active-site ‘variables’ (or specific subsets 
thereof) are each correlated (‘coupled’) to a certain 
group of atomic degrees of freedom in the protein - 
each ‘unit’ (group) behaving as a singular degree 
of freedom on some time-scale relating to cataly- 
sis. Experimental and theoretical studies thus far 
suggest two physical ways of understanding this 
collective behavior. First, there are the ‘mobile 
defects’ proposed by Lumry and coworkers (see 
subsection ПС-2). These are small cavities (ог 
*vacuoles), created by local disruption of sec- 
ondary bonds, which migrate throughout the pro- 
tein matrix. This mobility would be highly coop- 
erative, correlated by atomic packing and overall 
bonding patterns in the protein [14,59]. Events at 
the enzyme active-site would depend on the proba- 
bility (and frequency) of coalescence of certain 
such ‘defects’ at this spatial location — mediated 
by an intrinsic (teleonomically designed) an- 
isotropy in the cooperativity of the secondary-bond 
network in the protein. The applicability of this 
transducing mode is especially clear for the models 
in subsection ПС-2 and ПС-4, and, possibly, part- 
and-parcel of the others as well. 

A second physical means of such collective 
behavior has been suggested, most clearly from 
molecular-dynamics simulation [17,75]. Recall, that 
this approach regards the protein matrix, roughly, 
as a dense hard-sphere fluid. Done in the presence 
of solvent, such simulation has revealed the ex- 
istence of highly correlated, diffusion-like motion of 
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groups of atoms in the protein. These transient 
groupings were designated as *quasi-particles' [75]. 
And, these ‘particles’ are found to be inhomoge- 
neously distributed in the protein structure. This 
inhomogeneity, particularly in larger proteins, 
might arise from ‘built-in’ cooperativity in the 
conglomeration of interaction potentials defining 
the dynamics of such a ‘dense fluid’ [17]. This view 
seems fitting, particularly for the models in subsec- 
tion ПС-5 and IIC-6. 

Now, we ponder the second major aspect listed 
above, viz. the interaction with the solvent (ther- 
mal reservoir). All of the authors of the various 
models in subsection IIC stress the importance 
(and nature) of surface events in the energy-trans- 
duction process. The difficulty lies in establishing 
the proper interaction mode (if, indeed, it is possi- 
ble to specify just one). Clearly, there are two 
general modes: direct collisional interchange of 
energy between the protein and solvent/solute 
species or binding/relaxation of solvent/solute 
particles on the protein surface. The nature of 
energy (momentum) transfer in the former case is 
perhaps obvious (e.g., see subsections ПС-5-7). It 
is more subtle (and complex) in the latter case. 
First, consider the binding/relaxation of water 
molecules. Owing to the prevalence of hydrophilic 
groups on their surfaces, globular proteins in aque- 
ous solution have a number of tightly bound water 
molecules and also are covered with a mobile layer 
(‘swarming cloud’) of associated water [57,85 86]. 
The binding /relaxation of this water might affect 
internal protein dynamics in a number of ways. 
For example, it can produce local perturbations in 
the protein conformation (e.g., due to the in- 
fluence on the planarity of the amide group and 
also due to effects on local electric fields in the 
protein) [65]. And, by virtue of the extended na- 
ture of hydrogen-bond chains in globular proteins, 
binding/relaxation of water on the surface could 
play a ‘deterministic’ role in the generation of 
internal hydrogen-bond ‘defects’ [6,59,87]. Similar 
considerations apply to the binding /relaxation of 
ions (see subsection ПС-1 and Refs. 12 and 65). Of 
particular importance may be proton-transfer 
processes at the protein surface, as regards the 
introduction of fault (‘defect’) states in internal 
hydrogen-bond chains [87] 

Once one has identified the transducing mode 
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апа the relevant surface phenomenon, there re- 
mains the question: how does the dynamical inter- 
action between the two provide the correlated 
‘energization’ pattern at the enzyme active-site? 
Most likely, this involves correlation (synchroniza- 
tion) of molecular events over extensive regions of 
the protein surface. The spatial extent of such 
regions may relate to the size (and nature) of the 
kinds of ‘quasi-particles’ specified in the two 
transduction pictures of the protein matrix. We 
might apply the term *quasi-particle' to both cases 
— using it in reference to the ‘collective-diffusional’ 
motion in the dense-fluid picture, as well as to the 
*mobile-defect' modality in the secondary-bond 
network representation. For economy of thought 
(and expression), let us give these ‘quasi-particles’ 
а name and call them zymons, with the symbol 
*Zg' for hydrogen-bond ‘mobile-defect’ zymons 
and ‘Zp? for ‘fluidized’ collective-diffusional 
zymons. (In a sense, the distinction into two zymons 
may be superfluous. For the transient formation of 
а “ы-гутоп may entail creation of а 2р-2утоп, 
and vice versa.) We reiterate the previous point, 
that these ‘particles’ represent transient correlated 
motions (‘excitations’) of groups of particles in the 
protein matrix, and that the dynamics (and en- 
ergetics) of individual active-site ‘coordinates’ (or 
subsets thereof) are causally linked (coupled) to 
specific zymons (see Fig. 7). Again, the zymons аге 
the effective degrees of freedom, in the enzyme 
molecule, to which the active-site ‘energization’ is 
geared. 

Regarding Z,-zymons, we find from the molec- 
ular-dynamics simulations [17,75] that the solvent 
plays a vital role in their generation. Thus far in 
these simulation studies, the solvent has been 
modeled as a rather simple Van der Waals medium; 
so, the observed thermal ‘excitation’ of the Zp- 

.mode is apparently due to collisional-frictional 
interaction of the protein and solvent. As the 
previous authors [75] noted, formation of such 
‘particles’ encompasses significant regions of the 
protein surface; and, consequently, they indicated 
that *particle-formation' might be quenched if the 
solvent phase becomes immobile (e.g., frozen). This 
basic idea is maintained, explicitly or implicitly, in 
the models of subsections IIC-2 and ПС-4-6. 

Similar considerations apply to Zg-zymons. 
Lumry and Rosenberg [59] have stressed, that the 
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Fig. 7. Simplistic coordinate-space representation of the zymon 
scheme for activation of the enzyme-substrate complex. As the 
complex interacts stochastically with the solvent medium, these 
'quasr-particles' are constantly forming, decaying and diffusing 
іп the macromolecular matrix. Enzyme catalysis would demand 
а certain pattern of coalescence among a number of such 
zymons. Part A represents the course of catalysis as a diffusion 
process іп the zymon ‘coordinate space’ (for simplicity, in two 
dimensions) (In principle, the course would involve the com- 
plete phase space of zymon coordinates and momenta. Part B 
Shows the course of catalysis viewed along the time axis, as the 
*quasi-particles! form, decay, and diffuse іп the structure (cf. 
Fig. 6B). 


number (and mobility) of the internal ‘defects’, as 
well as their ordering on a free-energy scale, are 
critically dependent on protein-water interactions, 
solvent composition, inter alia. Strong suggestion 
comes also from changes in bound-water density 
on the protein surface, implicated during the course 
of catalysis [25,27,57]. A similar notion is entailed 
in the models of subsections IIC-1 and IIC-4 (see 
Refs. 9 and 19). 

We might consider the solvent-induced “ехсі- 
tation’ of zymon-modes analogous to a harmonic- 
oscillator system subject to Langevin dynamics. 
We suppose, that the тутоп ‘particle’ can be ap- 
proximated as a large oscillator. And the solvent 
particles can be viewed as a ‘reservoir’ of very 
many small oscillators which act on the ‘large’ one 
(e.g., see Ref. 88). The zymon-oscillator will have a 
characteristic frequency, and the reservoir oscil- 


lators will have a given range (bandwidth) of fre- 
quencies. (The energies of the reservoir particles 
would follow a Boltzmann distribution, while their 
amplitudes would follow, say, a Gaussian distribu- 
tion.) One assumes, that a given zymon-oscillator is 
coupled preferentially to a narrow portion of this 
reservoir bandwidth [88]. Thus, proper ‘excitation’ 
of the zymon-mode might require that a certain 
region on the protein surface suffers a specific 
pattern of interactions (e.g., collision, binding/ 
relaxation) with the bath particles. This would not 
imply that these molecular events on the surface 
must occur at precisely the same time. There might 
be a finite time-domain, during which the 'exci- 
tation’ of the zymon-mode could be progressively 
achieved. Once 'excitation' is attained, one must 
presume that the mode-lifetime is sufficiently long 
(in the appropriate solvent-viscosity range), for a 
given zymon to have a fairly high probability of 
coming into phase with other zymons at the enzyme 
active-site. That is, the frictional forces inside the 
protein must not ‘damp’ the zymon too quickly. 
(Results from molecular-dynamics simulation sug- 
gest rather long lifetimes [75]). The extent, to 
which this damped-oscillator picture reflects the 
nature of zymon-modes, remains to be defined. 
Thus far, there has been only one attempt to 
formulate mathematically this kind of ‘excitaiton’ 
at the protein-solvent interface. Somofi and 
Damjanovich [69] developed an expression for Koa» 
whose preexponential factor contains terms relat- 
ing to the probability that specific sites on the 
protein surface undergo a steric, energetic, and 
temporally assigned interaction with solvent/so- 
lute particles (see subsection IIC-6). This model 
originally assumed that the ‘excitation’ is collision- 
ally induced. But its formalism is readily adapta- 
ble to binding/relaxation phenomena as well (see 
subsection ПС-4). Similarly, Careri et al. [65] have 
suggested that a stochastic master-equation ap- 
proach might be suitable for modeling the 
*surface-excitation' process. It is hoped that fur- 
ther attention to this aspect will be forthcoming. 
The ‘zymon-approach’ to the protein-dynamical 
models of enzyme action illustrates, once again, 
the recurrent theme that the enzyme plus solvent 
must be viewed as a single unit, if we are to 
understand how enzymes have evolved to function 
in situ [4,25]. Some of the models in subsection 
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IIC (at the present stage in their development) 
have addressed the energy-transduction process by 
looking at the protein interior, whereas others have 
focused on the protein-solvent interface. We see 
that elements of both kinds of model relate to the 
‘whole picture’. For the two approaches are com- 
plementary aspects of the same thing. 

Stemming from this zymon view, we may con- 
dense the foregoing description of thermally based 
enzyme action as follows. The rate process is at the 
whim of a Maxwell-Boltzmann type distribution, 
as seen, for example, in Eqns. 10 and 13 (see 
subsection ПА). The value of the requisite energy 
comes from the nature of the chemical reaction. 
The rate at which that energy is taken-up by the 
protein (as a fluctuation), and delivered to the 
proper degrees of freedom, is dictated by the pre- 
exponential factor, k,e This ‘energization’ (at a 
given temperature) must depend explicitly on the 
medium viscosity, т,. Not only does the solvent 
‘(de)energize’ the ES complex, but, also comple- 
ments the protein structure in generating the trans- 
ducing modality. 

In order to formalize this general viscosity-de- 
pendence, Whittenburg, S.L., Wan, W. and Welch, 
G.R. (unpublished data) related the constant k,, to 
the underlying protein dynamics by the theory of 
time-correlation functions, that is: 


= [ам (0) + (0) (20) 
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where (N*(0)N*(1)) is the time-correlation func- 
tion for the flux (time derivative) of the number 
(N*) of ES complexes in the transition state. At 
time /--0, we have a flux N *(0) entering the 
saddle-point ((ES*) surface from the equilibrium 
reactant (ES) state. And Nt (t) is the outgoing 
flux to the (EP) state at time t. The time integral in 
Бап. 20 just sums all the reactive flux, into the 
(EP) state, which occurs during the mean time that 
an ES complex is in the transition-state region. 
Following the preceding discourse, we postulate 
that N* will depend on the positions (7) and 
momenta ( p,) of the zymon quasi-particles. As- 
suming that there are n zymons defining the transi- 
tion state, we expand the flux N*(r) in the phase 


space (ғ, p,) to give: 
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where F is the force on the ith ‘particle’ and V, the 
velocity. Using a linear harmonic approximation, 
the previous authors (Whittenburg, S.L., Wan, W. 
and Welch, G.R., unpublished data) derived the 
following form for Eqn. 20: 


{atl $, ЗЕТ 1 
к. | > нар aers,z(p)+ и 120) (22) 





where 6, is а solvent friction (proportional to 1,) 
and $, an intrinsic protein ‘viscosity’. А zymon 
structure factor, Z(r), is defined by: 


ze- $ (3) оз) 
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and а zymon momentum factor, Z( p), by: 
z(p)- У (37: А (24) 
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As detailed elsewhere (Whittenburg, S.L., Wan, W. 
and Welch, G.R., unpublished data), a Stokes-force 
interpretation of the zymon motions in the solvent 
reveals a (1/£.)?-dependence for Z( p). (These two 
zymon ‘factors’ must be evaluated for particular 
enzyme mechanisms.) Accordingly, Eqn. 22 yields 
a viscosity-dependence of the form seen in Fig. 8. 
At intermediate viscosity, Eqn. 22 predicts an ap- 
proximate (1/n,)-dependence for k,,, as is ob- 
served experimentally (see subsections IIC-5 and 
IIC-6). At very high viscosity the plot in Fig. 8 
plateaus. Here, the solvent becomes ‘rigidified’ 
(and the zymon modes damped), whereby intrinsic 
protein motions (‘viscosity’) now dictate the tran- 
sition-state passage (see subsection IIIB and Ref. 
52). (By virtue of the (1/7, )?-dependence on Z( p), 
in the high-viscosity limit Eqn. 22 approximates to 
the form k, © (1/$,).) 

The form of Eqn. 22 (and the approximate 
forms in subsections ПС-5 and IIC-6) may be 
taken as the hallmark of the rate process for 
thermally based enzyme catalysis, as it relates to 
solvent-protein dynamics. And the inherent zymon 
modality points toward the nature of enzyme ac- 
tion in nonthermal systems. 


IV. Nonthermal enzyme systems 


In recent decades electron microscopy has 
revealed a complex and richly diverse particulate 
infrastructure in living cells — especially larger 
eukaryotic cells. This structure encompasses the 
extensive membraneous reticulation (e.g., plasma- 
lemma, endoplasmic reticulum, mesosomes 
(bacteria)), as well as the hyaloplasmic space. The 
latter region, containing the so-called ‘ground sub- 
stance’, is laced with a dense array of various 
cytoskeletal elements (e.g, microtubules, micro- 
filaments, intermediate filaments) and an inter- 
locking microtrabecular lattice [90,91]. 

Accumulating empirical and theoretical consid- 
erations indicate that the majority (if not all) of 
the enzymes of intermediary metabolism operate 
in vivo in association with particulate structures 
[92-95]. A persual of the literature reveals evi- 
dence for enzyme organization in virtually all major 
metabolic pathways. The organizational mode may 
entail formation of protein-protein complexes 
and/or adsorption to cytological substructures. 
Experimental and theoretical calculations [96,97] 
of protein ‘concentrations’, in association with cy- 
tomembranes and organelles, indicate high, 
crystal-like densities of protein molecules in (on) 
particulate structures of the cell. There is a re- 
markable homology, in the surface area-to-volume 
ratio for all membraneous cytological substruc- 
tures. Such considerations led Sitte [96] to propose 
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Fig. 8. Viscosity (friction)-dependence of the catalytic rate 
constant predicted by Eqn. 22, for the following cases: (A) 
Z(r) -10? Z(p); (B) Z(r) -10* 2(р); and (C) Z(z) =10% 
Z( p). (Scales are іп arbitrary units.) (See Whittenberg, S.L., 
Wan, W. and Welch, G.R., unpublished data). 


that all cytomembraneous elements have evolved 
in a common fashion to function as effective *pro- 
tein collectors' in the operation of cell metabolism. 
And recent work from Porter's group [98] shows 
the microtrabecular lattice itself to be 'dressed' 
with a multitude of (as yet unidentified) proteins. 
It has even been suggested [5,95] that multienzyme 
systems form an integral part of this lattice (see 
Fig. 9). 

Thus, cell biology presents us with a rather 
simple, biphasic view of cellular infrastructure: a 
solid phase, encompassing extensive membrane 
surfaces and the fibrous lattice-work; and a solu- 
ble, aqueous phase (albeit containing a consider- 
able amount of 'structured' water [95].) We must 
focus on the solid phase as the primary site of 
intermediary metabolic processes, with the soluble 
phase functioning largely in such subservient roles 
as thermal buffering, distribution of common sub- 
strates, regulatory substances, and salt ions, etc. 

There are compelling kinetic and thermody- 
namic reasons for abandoning the traditional 
*macroscopic' view of intermediary metabolism, in 
favor of a local *molecular-energy machine' pic- 
ture engendering long-range energy continua 
[6,32,92,94,99]. As discussed elsewhere [6,32], this 
conclusion comes from a combination of the fol- 
lowing factors: (1) the reactivity of the very protein 
fabric of the enzyme molecule (as per the preced- 
ing sections herein), (2) the material substratum 
(organized states) in which most metabolic 
processes are imbedded in vivo, and (3) the es- 
sence of (long-range) energy-transduction modali- 
ties permeating cytological substructures. The third 
factor is the most important, as regards the devel- 
opment of a theoretically consistent, holistic view 
of cellular metabolism. And because of its (pre- 
sently) weak empirical base, its general acceptance 
demands the greatest ‘leap in logic’. Yet, many 
lines of evidence — including the observed proper- 
ties of the individual protein and of multienzyme 
complexes, as well as of the well-known energy- 
transduction modalities of ‘bioenergetics’ — be- 
token the existence of motive “епегру continua' іп 
the function of much of intermediary metabolism. 

One of the most important holistic *integrative 
principles' in cell biology, potentially widely appli- 
cable to material flow in organized enzyme sys- 
tems, was proposed some 25 years ago. Indeed, the 
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Fig. 9. Diagrammatic representation of the microtrabecular 
lattice. Inset at right depicts the hypothetical composition of a 
small region of the lattice. It 1s suggested that multienzyme 
systems may be adsorbed to the surface. (The basic unit of at 
least some trabeculae 15 considered to be an F-actin element.) 
Parts А and B show a hydrated globular protein free in solution 
and adsorbed to the lattice, respectively. ‘Bound’ and ‘ vicinal’ 
refer to water (dots) immediately next to the surface and 
farther away, respectively. (Adapted from Ref. 95. Generously 
furnished by Prof. J.S. Clegg.) 


very inception of the concept of ‘vectorial 
metabolism’ dates to the pioneering work of 
Mitchell [10], in the late 1950s, dealing with 
group-translocation and chemiosmotic reaction 
systems. A basic motif in Mitchell's work has been 
the elucidation of general mechanisms of linkage 
between metabolism and transport. This ‘ vectorial 
idea’ found one of its earliest, and most notable, 
applications in the bioenergetics of electron-trans- 
port phosphorylation. Most importantly, this work 
spawned the concept of ‘proticity’ and the role of 
the proton gradient as a bioenergetic transducing 
principle. The ‘proton gradient’ (or proton-motive 
‘force’) has emerged as a central, interconvertible 
form of energy ~ interconnecting such diverse 
entities as electron transport, ATP-bond energy, 
transhydrogenation reactions, flagellar (mechani- 
cal) motion, pH regulation, active transport and 
heat production. When the cell must ensure flow 
of a substance in a preferred direction across the 
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organized phase of а membrane, transport is cou- 
pled to a local, redox proton-motive force genera- 
tor or to an ion-translocating ATPase. 
Organization of enzyme sequences at 
cytosol-particulate interfaces juxtaposes them to 
sources of proton (and, possibly, electron) gradi- 
ents and significant (local) electric fields. Is this 
juxtaposition fortuitous? Are the localized enzymic 
processes in vivo functionally independent of those 
energy-transducing elements? We suggest not. 
Here, we will review this topic just briefly, indicat- 
ing possible correlations of such energy states with 
the dynamical properties of the enzyme-protein. 


IVA. A deeper look at the structural-functional de- 
sign of the enzyme molecule 


As is apparent from the preceding sections, the 
protein as a whole is designed to provide a specific 
(anisotropic) solvent medium for a given chemical 
reaction. Wherein, the combined chemical and 
protein subsystems engage in a fluid exchange of 
free energy, facilitating the entrance of the bound 
chemical subsystem into its transition state. From 
the enthalpic (AH*) side, one finds in the en- 
zymology literature a number of catalytic factors 
which lead to a decrease in AG*. Generally, these 
fall into one of the following categories: (1) cataly- 
sis by 'rack' mechanisms (whereby the bound, 
ground-state substrate is strained or distorted), (2) 
general acid-base catalysis (involving proton-trans- 
fer to or from the transition state), and (3) electro- 
philic / nucleophilic catalysis (usually involving co- 
valent stabilization of the transition state) (see Fig. 
5). Underlying these various catalytic modes is the 
importance of local electric fields, in the microen- 
vironments of enzyme active centers. It has been 
suggested, that the geometry of active-center di- 
pole groups is engineered in evolution to provide 
optimal ‘solvation’ (electrostatic stabilization) of 
polar transition states [82]. 

What of the role(s) of the protein matrix in 
active-center events? Viewing the enzyme as a 
macromolecular free-energy transducer, an im- 
mediate question concerns the kinds of useful en- 
ergy which are transduced. It is quite clear from 
the foregoing, that mechanical (ie., potential/ 
kinetic) forms are involved. Considering, the pre- 
dominance of activated protonic/electronic states 


during catalytic events at the active center, it is 
natural to ponder a role of the protein molecule as 
a protical / electrical transducer. 'There is an in- 
creasing indication, from both experimental and 
theoretical fronts, that such transduction does, in- 
deed, occur in individual proteins, and that it may 
be involved in catalytic processes [100,101]. Inter- 
est in this type of energy transduction is height- 
ened further, when we relate the cytological 
juxtaposition of organized enzyme systems and 
sites of protonic/electronic sources (see above). It 
is quite plausible that, in many cases, the enzyme 
molecule not only connects the active center mech- 
anically to the surroundings, but, also, 
protically/electrically. That is, many enzymes may 
operate as biochemical electrodes and protodes [5]. 

Let us look at elements of protein structure 
which suggest such energy-transduction design. 
The obvious possibilities are regions of local sec- 
ondary structure, viz, a-helix and f-structure. 
First, we consider the a-helix. The a-helix pos- 
sesses a. marked dipole moment, originating in the 
alignment of the dipole moments of the individual 
peptide units [102]. The helix dipole generates a 
considerable electric field, whose strength in- 
creases with helix length — particularly in a medium 
(viz., the interior of a globular protein or a mem- 
braneous phase) with low dielectric constant. 

Hol et al. [102] suggested that the electric field 
of the a-helix is “а significant factor which must 
be included in the discussion of the properties of 
proteins". The previous authors proposed three 
possible functional roles of this field in enzyme 
activity: (i) binding of charged substrates ог coen- 
zymes; (ii) long-range attraction and/or orienta- 
tion of charged substrates; and (iii) contribution to 
catalytic events. Several widely diverse types of 
enzymes are known from structural studies to bind 
negatively charged compounds at the N-terminal- 
region of an a-helix. Moreover, Hol et al. [102] 
specify a number of different kinds of enzymes 
(e.g., NAD-dehydrogenases), whose active sites are 
known to be located at the N-terminus of an 
a-helix. Moieties at such helix termini appear to 
function in proton-transfer networks which 
‘activate’ (deprotonate) catalytic nucleophiles 
and/or in stabilization of negatively-charged (e.g., 
oxyanion) transition states. 

Other, interesting roles of a-helical elements 


have been suggested. Types of a-helices may con- 
stitute the framework through which proton trans- 
port occurs in the well-known, membraneous pro- 
ton *pumps' [103-105]. Also, the a-helix seems 
appropriately designed for vectorial conduction of 
soliton energy impulses (i.e., phonon wave-packets), 
from sites of energy release (e.g., ATP hydrolysis, 
redox reactions) to sites of utilization (see below) 
[106,107]. 

Regular B-structures in some' enzymes (e.g. 
serine proteases) most likely contribute to local 
fields, involved in substrate-binding and/or cata- 
lytic events. It appears that f-structures provide 
an additional way of integrating the substrate into 
the protonic 'circuitry' of the protein matrix [101]. 

Another structural array, which may be particu- 
larly important in proton semiconduction, is a 
hydrogen-bonded network (see Fig. 10), formed by 
interdigitated R-groups of parallel a-helix seg- 
ments or parallel f-structures [108]. Obviously, 
such a network could function efficiently as a 
proton conductor only within a relatively hydro- 
phobic environment (viz, a membrane phase or 
inside a globular protein). As shown by Nagle et 
al. [109], this design can be a modus operandi for 
proton ‘pumps’, protochemical: reactions, and, 
even, proton-driven mechanical work (e.g., cyclic 
conformational changes, generated by migrating 
‘faults’ which follow proton ‘hopping’ — see be- 
low). 

Long-range, mobile protonic states are finding 
increasing relevance to many cellular processes, 
stemming from the original pioneering suggestion 
as to the role in electron-transport phosphoryla- 
tion [10]. As indicated above, this kind of energy 
continuum is emerging as a unifying theme in cell 
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Fig. 10. Hydrogen-bonded chain formed from amino acid side 
chains from conjoined proteins and some bound water mole- 
cules. The symbol R refers to the remainder of the amino acid 
side chains leading to the protein backbone. The proton chan- 
nel contaming the hydrogen-bonded chain 15 outlined with 
dashed lines. (See Ref. 108.) 
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metabolism. The importance of this theme de- 
mands that we begin looking at enzyme 
structure/function with new perspectives. Relating 
to basic enzyme action, as expressed by Wang 
[100], mobile protonic states may represent “а 
broad catalytic principle which transcends the idi- 
osyncracies of individual enzymes". The three en- 
thalpic catalytic factors discussed above may all be 
subservient to this 'principle. That is to say, 
facilitated proton transfer, in the enzyme-substrate 
complex, plays a key role in most enzyme cata- 
lyses. (This is obvious in the case of acid-base 
catalysis. It is more subtly involved in ‘rack’ and 
covalent mechanisms. For example, nucleophilic 
(e.g, hydroxyl, sulfhydryl) groups at the active 
center usually require ‘activation’ by proton shut- 
tles or charge-relay networks.) 

A similar notion раз been advanced forcefully 
by Metzler [101], in a review on tautomerism in 
enzyme catalysis. As noted by the previous author, 
* the rapid equilibration of isomers in which one 
or more hydrogen atoms change positions is a 
prevalent phenomenon among biochemical sub- 
stances”, He proposed that enzyme molecules have 
evolved generally to conjugate with such protonic / 
electronic chemical configurations, and that 
tautomeric effects in enzyme-substrate complexes 
probably play basic roles in catalysis and regula- 
tion. As discussed by Metzler [101], proteins con- 
tain many tautomeric groups, such as the 
peptide/amide groups and many of the amino-acid 
side-chains, as well as bound coenzymes. The 
non-polar nature of the protein interior favors the 
formation of extended hydrogen-bonded networks 
(and ensuing charge mobility) among these various 
groups. Charge transfer through these chains is 
likely to be fundamentally important to enzyme 
action. In particular, addition or removal of a 
proton, at one end of a chain of such hydrogen- 
bonded groups, will produce a local field-effect at 
a distance (and vice versa), via the ‘continuum’ of 
the network (see also Ref. 117). 

Superimposed on these designs may be long- 
range electronic semiconduction states which may 
be important in some enzymes, especially іп 
organized states in vivo [111]. Various modes of 
electronic (and electron-phonon) coupling between 
enzyme and substrate have been offered as theo- 
retical possibilities (see below) [63,112,113]. 
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Naturally, the question arises, as to the interac- 
tion between excited conformational (e.g., vibra- 
tional) states and excited protonic/electronic states 
in the enzyme molecule. This consideration is par- 
ticularly important, when one notes that virtually 
all enzymatic mechanisms ultimately involve some 
kind of mechanical force, acting through electro- 
static interactions, generated across chemical bonds 
in the substrate [25,63]. The discourse in the pre- 
ceding sections would suggest that the enzyme 
molecule is capable of achieving the proper config- 


uration, through equilibrium-fluctuational interac- - 


tion with the surrounding bath. All would seem to 
be well, as we reckon that biological evolution has 
apparently come to grips, in this way, with the 
random field in the medium. Notwithstanding, 
there is something deceptive and misleading about 
this developing picture. It bears a taint of reduc- 
tionism. Accepting the premise that many enzymes 
of intermediary metabolism operate in organized 
regimes in vivo, there is a certain degree of artifi- 
ciality in our construction of general theoretical 
models which attempt to ‘unify’ the dynamical 
protein molecule with a bulk aqueous medium. 

One indication, for example, is seen from the in 
vitro viscosity dependence of protein function. 
Studies, using the kind of plot as in Fig. 8, imply 
that some proteins do not quite manifest maximal 
function (e.g., Ком) even at viscosities as low as 
that of pure water (e.g., Refs. 51 and 52). Consider- 
ing the relatively high viscosities potentially extant 
in cellular microenvironments |72, 95] many 
enzymes, by extrapolation from in vitro data, 
would be operating at rather low rate — if their 
‘energization’ is by simple thermal means. We соп- 
tend that by probing the theoretical models in 
subsection IIC more deeply, we discover a hint — 
from the fluctuational behavior of the isolated 
protein in bulk solution — as to nonthermal modes 
of operation in organized states in vivo. 

The key feature, in the nonthermal 'excitation' 
of organized enzyme systems, may lie in the lattice 
structure and dynamical properties of hydrogen- 
bond chains in proteins (and in supramolecular 
assemblages) External and internal hydrogen- 
bonding plays an integral role in the dynamic (and 
quaternary) structure of globular proteins [59,77]. 


Following tenets of certain of the dynamical en- 
zyme models (e.g., subsection IIC-2), one sees that 
Zyrzymons (1.е., gaps, defects) in the internal- 
bonding arrangement might elevate /ocally the 
free-energy of the system - electrostatically and 
mechanically, as well as ‘protonically’ (see subsec- 
tion IVA). Such Zy-zymons arise, in a protein 
dissolved in aqueous solution, in conjunction with 
binding/relaxation of bound water, fluctuating 
proton-transfer processes, charge-density fluctua- 
tions at the surface, etc. Inside the protein, these 
‘faults’ can migrate, for example, by proton hop- 
ping [108]. The energy required for a single *hop' 
is about KT, i.e., thermal energy. This characteristic 
explains why certain enzymes, which might be 
designed to function in conjunction with external, 
nonequililbrium excitation modes (e.g, protonic 
*energy continua") in vivo, can work (at least, in 
some fashion) when isolated in bulk aqueous solu- 
tion. For the Zy-zymons сап be thermally (albeit 
ramdomly) activated. 

Berry [5,114] has offered a novel electrochemical 
interpretation of metabolism, which advances the 
idea that proton current (‘proticity’), generated by 
local redox (or photoredox) processes and ATP- 
cleavage reactions, flows through 'intracellular cir- 
cuits’ in structured matrices, specific for various 
metabolic functions in the cell. ‘Structural’ pro- 
teins in membranes (e.g., *protoneural proteins 
[115]) and microtrabecular lattices, as well as mul- 
tienzyme systems adsorbed thereto, might sustain 
this proton transmission. Recently, Welch and 
Berry [6] extended this view, drawing further at- 
tention to a possible physiological connection, be- 
tween the central bioenergetic concept of ‘ргойс- 
ity' and the universal role(s) of *mobile protons' in 
enzyme structure, function, and evolution. It was 
suggested, that organized proton flow in /ocalized . 
enzyme aggregates can coordinate protochemical, 
as well as conformational-dynamical, aspects of 
enzyme catalysis — in the manner of a ‘molecular- 
energy machine’ [32]. This approach embraces the 
Nagle-Morowitz model of proton-semiconduction 
in extended hydrogen-bond chains [108]. Accord- 
ingly, such organized enzyme systems are sup- 
posed to be ‘plugged into’ a protonic ‘continuum’ 
(e.g., at a membrane interface), so that the action 
of a given enzyme may be ‘driven’ dynamically by 
a steady-state proton flow (in conjunction with 
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local field effects acting, Юг example, through 
a-helix dipoles). This flow would serve, in some 
instances, a ‘stoichiometric’ role, as a source/sink 
of protons for protochemical events at active- 
centers [100]. And, generally, the ‘energy соп- 
tinuum' of the mobile protonic state, by virtue of 
proton-conformational-interaction [108], would serve 
to ‘energize’ the ES complex (i.e., toward defined 
transition states) (see also Ref. 63). 

And, there is the possible relevance of mobile 
electronic states, in relation to protein dynamics. 
Interaction of electronic and nuclear degrees of 
freedom is well-known in solid-state physics. An 
example is electron-phonon coupling in crystal- 
lattice dynamics. The possible roles of such modes 
in enzyme action have been discussed by others 
[63,112,113,116]. Generally, the idea of electron 
semiconduction has not been taken seriously in 
cellular processes (at least over large distances), 
because of the gap in the band structure of pro- 
teins, problems of insulating the flow, etc. How- 
ever, in organized states in vivo such problems 
may be obviated [17,111]. 

Fróhlich [61,62,117] has developed the notion 
that the activities of localized enzymes couple to 
electric fields (and other energy sources) via excita- 
ion of metastable states in the protein. The modal- 
ity involves longitudinal electric dipolar oscilla- 
tions of hydrogen-bond units, which are modeled as 
active phonons (i.e., quasi-particle lattice vibra- 
tions). Such systems can store external energy in 
specific modes (and subsequently do work with it), 
via a phonon-condensation phenomenon (analo- 
gous to the condensation of a Bose-Einstein gas), 
if the energy is ‘pumped’ into them above a acriti- 
cal rate. It was proposed [61,62], that this modality 
may be involved in driving the conformational 
dynamics of organized enzyme systems, as well as 
substrate-translocation processes. This scheme 
might also involve a cyclic conformational-relaxa- 
tion in nonequilibrium states [63,64]. 

Coherent hydrogen-bond phonons (e.g., in 
a-helical regions), arising from external energy 
‘pumps’, can propagate under some conditions in 
the form of dispersionless wave-packets termed 
solitons. These soliton modes have been suggested 
as transduction devices in the operation of 
proton-motivated ‘molecular engines’, ATP-linked 
muscle contraction, inter alia [105—107,118—121]. 
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With these nonthermal systems, one sees per- 
force a direct correspondence between the zymon 
entity and ‘quasi-particles’ (е.е., mobile protonic 
states, phonons, solitons) which are well known in 
quantum physics. And, by vitrtue of their opera- 
tion in conjunction with an *external' (nonequi- 
librium) energy source, these enzyme systems can 
actually use the zymon modality to perform work 
on the surroundings (e.g., alteration of chemical 
equilibria). The enzyme simply transduces the en- 
ergy coherently, from the ‘source’ to the bound 
chemical subsystem. The zymon modes represent 
the modus operandi of the transduction process - 
for thermal as well as for nonthermal systems. 

Empirical data in support of these long-range 
energy-transduction modalities (as they apply to 
intermediary metabolism) are, presently, rathere 
sparse. Nonetheless, there are some preliminary 
indications thereto [120,122-124]. It should be 
emphasized that direct experimental evidence for 
these modalities is likely to be unobtainable by the 
more conventional techniques. Although we have 
gained some clues from enzymes isolated in vitro, 
as to their roles in *molecular-energy machines’ 
[32], the holistic transduction designs must be 
studied with whole cells and cytological substruc- 
tures. 


IVC. Kmetic features of nonthermal enzyme systems 


The operation of enzymes in organized states 
requires a refinement in our understanding of the 
dynamical nature of chemical process in vivo. 
Customarily, the laws of chemical kinetics tell us, 
that the rate (velocity) of a reaction in bulk 
solution is given as the product of a concentration 
and a unitary rate constant. Of course , this prod- 
uct is just the probability of finding a reactant 
molecule (or an encounter pair, in the case of a 
bimolecular reaction) in solution, multiplied by the 
probability that such a molecule (or encounter 
pair) actually reacts. We usually think of the term 
*concentration' very simplistically, as a scalar 
quantity reflecting the random statistical distribu- 
tion of solutes in the bulk phase. However, the 
concept of 'concentration', in the usual macro- 
scopic sense, breaks down for organized enzyme 
systems. Notionally, one must define ‘concentra- 
tion' (or, more appropriately, the chemical poten- 
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tial) according to the physical context in which a 
given reaction occurs [32,92,94,125,126]. A similar 
status rerum is found for the case of local proton 
flow in energy-transducing membrane systems 
[7,8,127]. 

And, the rate constant takes new meaning for 
nonthermal systems. The most familiar depiction 
of the rate constant (for thermal systems) is the 
Arrhenius form discussed in subsection IIIA. Of 
course, the probability function, W, in Eqn. 7 
reflects a Maxwell-Boltzmann distribution for the 
energy states of the reactant species (see Eqns. 11, 
12 and 15). This statistical distribution pertains to 
the so-called *classical limit', at high temperature 
or at low density (i.e., where the number of availa- 
ble molecular-quantum states is much greater than 
the number of particles in the system). This condi- 
tion applies to the vast majority of physico-chemi- 
cal systems studied under laboratory condiüons, 
including isolated enzymatic processes in vitro. 
However, there are indications [32] that nonther- 
mal enzyme systems, functioning in organized 
states, maintain an inherent restriction on molecu- 
lar degrees of freedom [63]. Indeed, many of these 
systems have a quantal nature which requires some 
more exact fomalism than that of Maxwell-Boltz- 
mann statistics. 

In quantum physics, all particles (and quasi- 
particles) are categorized as 'fermions' or as *bo- 
sons’, depending on whether the particles fit 
Fermi-Dirac or Bose-Einstein statistics, respec- 
tively. (Both go over to Maxwell-Boltzmann in the 
‘classical limit.) For example, electrons and pro- 
tons are fermions, whereas photons and phonons 
are bosons. The quantum-statistical counterpart of 
the equilibrium distribution function, W, in Eqn. 7 
is found in the following form: 

п, = етно (25) 
1 + Ae" t T 

where 7, is the average number of particles in the 

ith quantum state, е, the energy of the ith state, 

and А an absolute activity given as: 


A =е^/АТ (26) 


with u the chemical potential. With (+) in Eqn. 25 
we have Fermi-Dirac and with (—) Bose-Einstein 
statistics. (Electromagnetic radiation and electrons 


in metals are two well-known phenomena which 
are described by such quantum statistics.) 

The various ‘bio-quanta’ discussed in subsec- 
tion IVB are, in principle, amenable to quantum- 
statistical description. However, one cannot pro- 
ceed by simple substitution of Eqn. 25 into Eqn. 7. 
For the distribution in Eqn. 25 — just as that in the 
Maxwell-Boltzmann form used in Eqns. 11, 12 and 
15 — represents an equilibrium situation. In many 
of the ‘molecular-energy machines’ in vivo [32], 
the particles are not allowed to sample an equi- 
librium distribution of energy states at a given 
temperature, because of nonequilibrium con- 
straints imposed by the organizational mode of the 
system and/or by external energy sources. Thus, 
for nonthermal systems plugged into external en- 
ergy sources (‘pumps’), one must obtain W of 
Бап. 7 (ie, the fraction of reactant species 
possessing some critical energy) by solving (for п,) 
а stationary-state equation containing source and 
sink terms for the relevant quanta. Fróhlich [62] 
has given a cogent discussion of such calculations 
for phonon modes in proteins. A similar approach 
is available for soliton behavior [107,119]. And, 
such calculations might be possible for other *bio- 
quanta’ (e.g., ‘active’ protons [87], insofar as they 
are energetically separable from protein modes 
[126]. 

One might approach the frequency term, k,, in 
Eqn. 7 in a like manner. As indicated in Section 
III, the frequency factor, for an enzyme-protein in 
bulk solution, will depend on transient, thermal 
excitation of the relevant quanta (zymons). Within 
certain organized regimes in vivo, the conforma- 
tional-dynamical participation of the protein ma- 
trix may be driven by a cyclical (external) flow of 
quanta (see subsection ТУВ). Hence, the ‘kinetics’ 
of such organized enzyme systems may be governed 
entirely by the ‘kinetics’ of the external energy 
‘pump’. Possible advantages of this ‘master-slave’ 
relationship have been discussed by others 
[6-8,32,99,109,117]. Blumenfeld [63,64] has 
elaborated a number of aspects of protein-confor- 
mational dynamics in nonequilibrium states, par- 
ticularly applicable to electron-transport. phos- 
phorylation. 

Although the nature of enzyme action in these 
organized states is far from clear, its microscopic 
quantum-mechanical character is becoming increas- 


ingly apparent. The nature of the zymon modality, 
as it is manifested in both thermal and nonthermal 
systems, points to this realization. This situation 
will necessitate a dramatic shift in our thinking, as 
regards both kinetic and thermodynamic aspects of 
(electro)chemical processes in vivo [5—8]. This sub- 
ject is treated in more detail elsewhere [32]. 


V. Summary 


The most important idea underlying our treat- 
ment herein is the unity of the enzyme molecule and 
the medium. Appreciation of this relationship is 
vital, if enzymology is to graduate from its present 
reductionistic status to a more holistic posture. 
Enzymes are biological entities firstly, and isolated 
objects of physicochemical analysis secondly. Per- 
haps the most crucial ‘biological lesson’, particu- 
larly apropos of enzymes in intermediary metabo- 
lism, concerns the ‘cytosociology: of enzyme ac- 
tion in vivo [94,128]. The natural habitat of many 
enzymes in the living cell is far different from that 
in bulk aqueous solution in vitro. In order to 
obtain a real grasp of the nature of enzyme func- 
tion, one must ultimately couch enzymology in 
concepts emerging from contemporary cell biology 
[95]. 

Notwithstanding, analysis precedes synthesis; 
and one must needs begin with the individual 
enzyme molecule. The trenchant efforts of the 
physical chemist and the organic chemist have 
produced a wealth of information on the nature of 
the binding 'and catalytic events at the enzyme 
active site. While it is not yet possible to explain 
precisely the complete sequence of events in the 
catalytic process, nevertheless, the basic mecha- 
nisms by which enzymes effect catalysis (i.e., re- 
duce activation energy) now seem apparent 
[81,129]. The new frontier is to be found, in ex- 
ploring the dynamic role of the protein matrix 
[17]. Not only does the protein provide the 3-D 
scaffolding for active-site processes, but, more im- 
portantly, it serves as the local solvent for the 
bound chemical subsystem. Thus, the dynamical 
aspects of enzyme catalysis (for thermally based 
systems) must arise from the fluctuational proper- 
tes of the protein molecule. This notion is the 
common denominator in all of the models in sub- 
section IIC. It is the anisotropic nature of this 
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fluctuational behavior, which would characterize 
the energy-transduction phenomenon leading to 
localized catalytic events at the active-site. In Sec- 
tion Ш we attempted to show that all of the 
various enzyme models contribute pieces to a 
single, all-embracing jig-saw puzzle. Some models 
focus on the dynamical properties of the protein 
per se, whereas others deal with the stochastic 
aspects of protein-solvent interaction. The two ap- 
proaches are complementary, as are mutually in- 
terlocking pieces of a puzzle. 

The ultimate picture depicted by this *jig-saw 
puzzle’ is still somewhat vague — owing to the 
present paucity of empirical information on pro- 
tein motions. Nevertheless, accumulating experi- 
mental data, computer-simulation studies, and the- 
oretical models indicate that solvent interaction 
plays an important role in inducing the reactive 
modes in the enzyme molecule. And, it is apparent 
that the protein-dynamical basis of enzyme action 
must be sought in slower, collective motions dis- 
tributed inhomogeneously in the protein. This is 
obvious, when we compare the values of typical 
enzyme catalytic constants and the vibrational 
frequency (and number) of individual atoms in the 
protein. For economy of thought, we have termed 
these ‘quasi-particles’ as zymons. Although their 
exact physical character remains to be elucidated, 
there can be no doubt that zymon modalities exist 
in enzymes. Most likely, the lattice structure and 
dynamical properties of hydrogen-bond chains are 
at the root of such collective motions in the pro- 
tein. 

Yet, this thermally-based dynamical view of 
enzyme action leads to some problems, when we 
consider the enzyme molecule in its natural setting 
in vivo. It appears that most enzymes (at least 
those of intermediary metabolism) operate in 
organized states, probably in association with par- 
ticulate structures. A discordant note is found in 
the observed viscosity-dependence of enzymes in 
vitro. Viscosity is an appropriate parameter char- 
acterizing the ‘(de)energization’ of an enzyme-sub- 
strate complex, as it relates to the transfer of 
momentum between protein and solvent. When 
studied in isolation, many enzymes apparently 
obey Eqn. 22 (see Fig. 8). If we extrapolate this 
observed viscosity-dependence to the kinds of 
high-viscosity microenvironments extant in vivo, 
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we realize that such enzymes would operate in а 
rather depressed state — assuming thermal 'energi- 
zation' is the modus operandi. For, the internal 
zymon modes would be overdamped. 

Mitchell [130] defined ‘molecular mechanical 
lubricity’, as “the effective smoothness and slip- 
periness of the molecular articulations” involved 
in the ligand-conduction processes catalyzed by 
enzymes, carrier proteins, etc. He suggested, that 
this “lubricity ... presumably plays a vital part in 
keeping down the energetic cost of transmitting 
chemicals and energy from one place to another in 
living organisms. Therefore, we may expect that 
the orderliness and lubricity of the working config- 
urational or conformational cycles of catalytic 
ligand-conducting proteins, and of other compo- 
nents catalysing vectorial metabolism, may have 
become highly developed by natural selection” *. 
The role of organized multienzyme systems in this 
regard has been discussed widely (see Refs. 92 and 
131 and others cited therein). At the level of the 
individual enzyme molecule, one sees (Fig. 1) a 
beautiful example of ‘lubricity’ in the free-energy 
complementarity idea of Lumry and Biltonen [25]. 
Indeed, such a fluid-like exchange of free energy 
between protein and chemical subsystems is central 
to all the dynamical models presented in subsec- 
tion ПС. 

However, natural selection can go only so far in 
designing the isolated enzyme molecule to work 
against the ‘random field’, especially for enzymes 
of intermediary metabolism. The conditions (e.g., 
viscosity) of the ambient ‘aqueous phase’ іп the 
localized microenvironments in vivo are rather im- 


* п attempting to give a microscopic explanation for the 
observed linear relationship between the velocity and the 
driving force in ligand-conduction systems (which apparently 
occur far from thermodynamic equilibrium (e.g, іп 
mitochondria)), Mitchell [130] equated the viscosity (or fric- 
tion) coefficient to a ‘microscopic irreversibility coefficient’. 
However, this approach is questionable. In order to describe 
rigorously the stochastic influence of the medium on these 
molecular systems, one must construct a generalized Lan- 
gevin equation, as opposed to a simple Stokes-force relation 
(which the previous author [130] used). The whole issue of 
the microscopic basis of irreversibility may not be explaina- 
ble by conventional statistical-mechanical laws [137]. More- 
over, the organizational character of biological energy-trans- 
ducing systems, at the molecular level, may not fit the usual 
paradigm of macroscopic thermodynamics [7,8,32,99,127]. 


posing. Mitchell [130] suggested that, “one reason 
for the evolution of dimeric or polymeric enzymes 
and osmoenzymes (e.g., F,F,-ATPase) that work 
by alternating site mechanisms may be that the 
changes of volume and shape of the monomers can 
be partially compensatory in the dimer or poly- 
mer, so that the frictional losses through environ- 
mental viscosity can be mitigated.” This conten- 
tion may be valid to some extent. Nevertheless, 
one finds [130] for example that the mitochondrial 
F,F,-ATPase, when decoupled functionally from 
its endogenous ‘energy source’ and assayed in 
vitro in the direction of ATP hydrolysis, exhibits 
the kind of viscosity dependence indicated by Eqns. 
5, 6 and 22 (see also Ref. 132). Yet, the conforma- 
tional dynamics of the F, F,-ATPase - as for many 
enzymes of intermediary metabolism functioning 
in vivo (as discussed in Section IV) - may be 
driven by external ‘pumps’ engendered by long- 
range energy continua. 

Once the ‘lubricational’ device of the free-en- 
ergy ‘complementarity principle’ [25] was pushed 
to its limits in the evolution of the individual 
enzyme molecule, perhaps the only recourse was to 
‘plug’ many enzymes into such ‘energy continua’ 
(e.g., local electric fields, mobile protonic states). 
Consistent with this view is the emerging notion 
(see Section IV), that cell metabolism is largely a 
surface (2-D) phenomenon [95,133]. 

There is the equally plausible view, that ‘surface 
activity was the rule from the earliest stages of 
cellular evolution, and that free-energy ‘com- 
plementarity’ manifest in many enzymes reflects 
just their capability of linking chemical reactions 
to external energy sources. It is widely held among 
molecular evolutionists, that biochemical processes 
took place, under primordial conditions, in associ- 
ation with adsorptive clay surfaces (and the ambi- 
ence of structured, polarized water layers), fol- 
lowed by formation of coacervates, microspheres 
and the like. It is likely that mobile protons were 
intimately involved in the catalytic activity of these 
surface states [134,135]. And, it has been proposed 
[6,136] that present-day enzyme molecules are * mi- 
crocolloids’ reminiscent of this primordial condi- 
tion. Thus, it is natural to ponder a possible con- 
nection between the central bioenergetic concept 
to ‘proton-motive force’, on the one hand, and the 
roles of mobile protons in enzyme structure, func- 


tion and evolution, on the other hand. The theoret- 
ical considerations of Section IV would suggest 
that the enzyme molecule — in many more systems 
than the well-known H*-F;F, ATPase and porter 
enzymes — may serve to connect a specific chemi- 
cal reaction-coordinate to this ‘active’ protonic 
state. 


The subject of ‘nonthermal’ enzyme systems, as | 


it relates to long-range energy-transduction modal- 
ities in the living cell, is fertile ground for both 
experimental and theoretical pursuit. Not only are 
there many unanswered questions in this area, but, 
also, the proper questions may have yet to be 
posed. The nature of enzyme action within the 
microscoping confines of organized states is a sub- 
ject of increasing interest in contemporary en- 
zymology. The theoretical investigations reviewed 
in Section IV would indicate that many enzymes 
in such organized regimes аге not ‘free-wheeling 
engines’, completely at the whim of a random-field 
environment. Rather, they may operate as ‘molec- 
ular-energy machines’ [32], with a quantum-mecha- 
nical essence of the form suggested by McClare 
[99]. 

When we regard the connection between ‘bio- 
energetics’ and ‘intermediary metabolism’, we 
traditionally think of ATP — that stable, diffusible 
carrier of free energy. ATP is considered the 
primary ‘functional coupling agent’ [2], between 
energy-generation processes and anabolic metabo- 
lism. With the advent of such ‘bioenergetic’ princi- 
ples as the Н“ -electrochemical potential difference 
(and proton-motive energy coupling), in conjunc- 
tion with the increasing focus оп cytological 
surfaces as the operational site of most multien- 
zyme systems of cell metabolism, we are forced to 
infer a much mare intimate link between ‘bioen- 
ergetics’ and ‘intermediary metabolism’ [5]. As 
stated so appropriately by Harold [138], “to find 
the secret of life we shall have to marry the study 
of macromolecules and genes with that of the 
vectorial flux of ions, molecules, and chemical 
groups in fields of force”. Study of the dynamical 
properties of proteins should ultimately reveal the 
true nature of the enzyme as an energy transducer, 
in equilibrium as well as in nonequilibrium states. 
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Note added in proof (Received May 4th, 1984) 


The term ‘zymon’, introduced in subsection 
ШС, was chosen by analogy to the quantum-gravi- 
tational fluctuations in the metric of space-time. 
The latter fluctuations, dubbed ‘instantons’ [139] 
or ‘fluctuons’ [140], permeate the vacuum of space 
and are scaled by the so-called Planck mass (ap- 
prox. 107? g) and Planck length (approx. 10733 g). 
Particles of matter embedded in space are likened 
to localized perturbations (or exciton-like changes 
in the phase relations) of this pervasive, rippling 
microstructure [140]. By analogy, the generation of 
“hot spots’ (at the active center) in an enzyme 
molecule may be regarded as local excitations of 
the fluctuating microstructure of the globular pro- 
tein. In the Lumry model [25], the flow of an 
enzyme-catalyzed process along the reaction coor- 
dinate is characterized by a dynamic, compensa- 
tory enthalpy-entropy ‘phase relation’ in the pro- 
tein matrix. It is interesting to note that the geo- 
metrodynamical ‘fluctuons’ in the vacuum state 
also exhibit a collective ‘compensation’, via the 
negatory influence of gravitational coupling [140]. 

Since the completion of the present review, the 
detailed molecular dynamics of an actual bond- 
breaking event in a fluctuating enzyme-substrate 
complex has been simulated [141]. The fluctua- 
tions of the enzyme electrostatic potential, as re- 
lated to protein motions, were found to be a key 
dynamical factor in reactions involving large 
change in bond-polarity. 
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I. Introduction 


Тһе biosynthesis of methane is limited to a 
rather specialized group of bacteria, the methano- 
gens, that live in waterlogged soils, guts of animals, 
sewage sludge, manure piles, marine and fresh 
water sediments, and hot springs [1-4]. They are 
obligate anaerobes that produce methane as an 
end-product of their metabolism. 

Phylogenetic analysis based on ribosomal ВМА 
sequence characterization places the methanogens 
in the recently proposed grouping, or urkingdom, 
of archaebacteria [5-9], distinct from both the 
eubacterial urkingdom (composed of the ‘typical 
bacteria) and the urkaryotic urkingdom (repre- 
senting the cytoplasmic component of the 
eukaryotic cell. With the eubacteria, they share 
similar size, absence of cellular organelles, ribo- 
somal subunit sizes, etc. Features in common with 
urkaryotes include insensitivity to vancomycin, 
penicillin and kanamycin [10,11], absence of for- 
myl-methionine in protein synthesis, and ADP- 
ribosylation of the peptide elongation factor EF2 
by diphtheria toxin [12,13]. 

Apart from r-RNA sequence homology, other 
important distinctly archaebacterial features in- 
clude: ether-linked poly-isoprenoid glycerol lipids 
[14-16] as opposed to ester-linked alkanelipids; 
non-peptidoglycan cell walls [17—19] of various 


types containing peptides and/or carbohydrates; 
absence of thymidine in the ‘common arm’ of the 
t-RNA [20]; absence of dihydrouracil [8], and dis- 
tinct transcription systems [21—23]. Translation too 
is distinctive [24], and the shape of the ribosome 
itself is different from that in the other two urking- 
doms [25-27]. 

The archaebacteria are, however, a heteroge- 
neous group. Besides the methanogens, this group 
includes heterotrophic, aerobic extreme halophiles 
(e.g, Halobacterium), thermophilic acidophiles 
(e.g., Thermoplasma and Sulfolobus [8]) and ther- 
mophilic anaerobes (e.g, Thermoproteus [28,29] 
and Desulfurococcus [30]). The recently discovered 
archaebacterium Pyrodictium occultum is able to 
reduce S? to H,S with H, a property also de- 
scribed in the methanogens [31]. P. occultum grows 
optimally at 105°C [32,33]. Metabolic abilities in 
this urkingdom range from aerobic respiration of 
sugars, to the respirations of elemental sulfur and 
CO,. Fermentation occurs in a few of these 
organisms. Discussions of the interesting proper- 
ties of the archaebacteria can be found in several 
recent reviews and papers [1,5,7,8,22,34,35]. 

We will now consider the general properties of 
the methanogens, but once again, more extensive 
coverage of the biology and general physiology 
may be obtained in recent papers and reviews 
[1,2,3,36-42]. 


Бог obligate anaerobes, oxygen is toxic [43]. АП 
methanogens are obligate anaerobes and are thus 
killed by exposure to air. Among the methanogens 
marked differences occur in oxygen sensitivity 
[44-46]. Methanospirillum hungatei *, Methano- 
bacterium thermoautotrophicum and Mb. bryantii 
Showed [45] viability reductions after aeration sim- 
ilar to non-methanogenic anaerobes; Methano- 
brevibacterium arboriphilus AZ can survive for up 
to 2 В in 10-20% О, without significant loss in 
viability [46]. Mb. thermoautotrophicum, | Mbr. 
arboriphilus and | Methanosarcina БағКегі can 
survive exposures up to 30 h [44], but loss of 
colony-forming units occurs thereafter. In con- 
trast, Methanococcus vanniehi and Мс. voltae are 
killed without lag upon exposure to air [44]. 
Methanogenesis, however, is extremely oxygen- 
sensitive due to oxygen lability of certain of the 
methanogenic cofactors (е.р., component В and 
formaldehyde activating factor) such that exposure 
to very low concentrations of O, is bacteriostatic 
rather than bacteriocidal and cells can recover. 

Recent technical advances in the culture of 
anaerobes [47-49] have allowed the convenient 
growth of methanogens. Under appropriate condi- 
tions yields of 3-8 в wet weight per 1 can be 
obtained with some of the organisms. Many have 
doubling times of less than 10 h, but optimal 
doubling times vary from weeks [50] for 
Methanothrix soehngenii to 30 min with Mc. jan- 
naschii [51]. Optimal growth temperatures of pure 
cultures vary from 30 to 95°C [52]. 

Recent observations of samples from deep-sea 
hydrothermal vents imply that some methanogens 
may grow at temperatures well in excess of 100°C 
[53,54]. Baross and Deming [54] have recently 


* The methanogens are a diverse group of organisms presently 
composed of 12 genera. All genus names begin with the letter 
M, and thus the convention of expressing genus and species 
(after textual introduction of the full genus name) as M. 
followed by species name could become quite confusing to 
the reader, in particular, since some species names are simi- 
lar. We adopt for this review the following abbreviation 
scheme for genus names, and recommend its use in future 
multi-genus papers: Methanobacterium (Mb.), 
Methanobrevibactertum (Mbr.), Methanogenium (Mg), 
Methanospirillum (Msp.), Methanosarcina (Ms.), Methano- 
coccus (Mc.), Methanothrix (Mtx.), Methanoplanus ( Mpl.), 
Methanothermus (Mt.), Methanolobus (МІ), Methanococ- 
coides ( Mcc.). 
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reported bacterial growth and methanogenesis at 
250°С by a mixed culture of bacteria obtained 
from deep-sea hydrothermal vents. Little is known 
of the bacteria present, but this phenomenon is 
unprecedented, and may represent another 
archaebacterial habitat. Several points need to be 
made regarding the unusual claim of bacterial 
growth at super-thermophilic temperatures: (1) due 
to the unusually extreme temperature, exhaustive 
control experiments are needed to rule out artifacts 
arising from the conditions; (2) many biological 
molecules would not ordinarily be expected to 
survive at the described temperatures (Stetter, 
K.O., White, В. and Yayanos, А., personal com- 
munications); (3) this phenomenon requires the 
use of specialized and sophisticated equipment, 
and growth measurement will be somewhat unusual 
and difficult. Despite these cautions concerning 
the interpretation of this work, the scientific com- 
munity must remain open-minded to such unusual 
possibilities. 

Though most workers report preferred growth 
at a near-neutral pH, growth between 5.5 and 6.0 
is not uncommon (Belay, N. and Daniels, L., 
unpublished data), and biologically produced CH, 
has been reported from alkaline lakes (pH 9.7, 
however, the pH of the bacterial environment 
might be lower) [55] Fresh-water and marine 
species have been isolated. 

Substrates that can be used as both carbon and 
energy sources include H,/CO,, formate, 
methanol carbon monoxide, methylamines and 
acetate. Virtually all methanogens can grow on 
H,/CO, (except for four: a coccoid methanogen 
growing only on Н, plus methanol [56], Methano- 
sarcina strain TM1 [57], Mtx. soehngenii [50] and 
Methanolobus tindarius [58]). About half the genera 
can use formate. Only Міх. and Ms. species can 
use methanol, methylamine and acetate, but these 
cannot use formate. Growth on CO [59] is slight 
but mixotrophic conversion of CO [60,61] with a 
preferred substrate may be of ecological or 
industrial significance. 

Genetic analysis of methanogens is still in its 
infancy: only three plasmids [62,63] and one phage 
[381] have been found associated with the 
methanogens. Transposition (transposons) appears 
to be a relatively frequent event [64]. Though the 
natural resistance of the methanogens to most 
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TABLE I 
COMMONLY STUDIED METHANOGENIC BACTERIA 


Organism Growth substrates Relevant properties Isolation Ref. 
Mb. thermoautotrophicum Н, +СО, thermophile; rapid growth; 69 
(AH and Marburg strains) hugh yields 
Ms. barkeri Н, +СО,; СНҘОН; meophile; slow growth; 70 
(Schnellen strain) acetate; methylamine high yields 
Mc. thermolithotrophicus Н, +СО,; formate thermophile; halophile; rapid growth; 71 
very little cell wall; fragile 
Mbr. ruminantium H, +CO,; formate mesophile; requires exogenous 72 
(Strain M-1) coenzyme M 
Mc. vannieli Н, * CO,; formate mesophile; very little cell wall; fragile 73 
Msp. hungatei Н, +СО,; formate mesophile; sheath largely protein; 74 
inner cell wall, probably protein 
rich polymer; can spheroplast 
Mb. bryantu H, +СО, mesophile, possible N1?* bonding in cell wall; 75 


can form protoplasts 





antibiotics makes classical genetic screening dif- 
ficult, transfer of genetic material to Escherichia 
coli and Bacillus subtilis has been accomplished 
[65—67]. Physical organization of genes for ribo- 
somal RNA has been studied in Mc. [68]. 

For the reader's convenience in interpreting the 
work discussed below, Table I gives a listing of the 
more commonly discussed methanogens, the sub- 
strates they use and other relevant properties. Ta- 
ble II shows the energy-yielding reactions used by 
the methanogens, and the energy available in each. 

If one assumes that about —37 kJ/mol of 
energy are needed to produce one ATP [76], a 
maximum of two to three ATP could be produced 
per methane evolved from all substrates in Table 
II, except for acetate. Not surprisingly, growth on 
acetate is quite slow, since less than one ATP is 
available per methane. We should point out that 
the values in Table II are at standard conditions 
(pH 7.0, 1 atm of gases and 1 M solute concentra- 
tion, 25?C). These are far from natural conditions, 
where all the substrates are at much lower con- 
centrations (e.g., less than 0.001 atm H, in lake 
sediments, marine sediments and rumens [3,76]). 
Though low methane concentrations help the ther- 
modynamic situation of these organisms in nature, 
they must compete with other organisms (e.g. 
sulphate reducers) [77—79] for potential energy 
sources, e.g., Н.. 

There is controversy regarding the terminology 
to be used in referring to the reactions described in 





Table II. Traditionally, respiration has been de- 
fined as “ап ATP-generating process ... in which 
electrons are passed through an electron transport 
chain" [80], and fermentation as *an ATP-gener- 
ating process in which organic compounds serve 
both as electron donors and electron acceptors; 
the electrons are not passed through an electron 
transport chain" [80]. In certain contexts, e.g., 
industrial microbiology jargon, fermentation is 
simply growth. In considering the chemiosmotic 


TABLE II 


ENERGY-YIELDING REACTIONS USED BY 
METHANOGENIC BACTERIA 


Values are calculated from Gibbs free energy of formation 
values at pH 7 in water [76]. 


Reaction AG?' 469 
per reaction per CH, 
(kJ) (kJ) 
4H; * CO, > 
CH, +2H,0 —138.8 —138.8 
4HCOOH ^ 
ЗСО, +CH, -2H;O —119.5 —119.5 
4CH,0H > 
3CH, + CO, +2Н.О —310.5 —103.5 
4CH4NHj +2Н,0 -» 
3CH, - CO, +4NH} —225.] -752 
4СО--2Н,0-> 
СН, +3C0, —185.6 —185.6 
CH4COOH -+ 
СН, 4 CO; —27.6 — 27.6 


theory we propose the following definitions, which 
wil Ibe used in this review, and. which we feel 
simplify the confusion over these two very basic 
terms; our definitions are really only a modifica- 
tion of the older definitions given above, to 
accommodate a variety of newly studied anaerobic 
bacteria (e.g, 5027 reducers, S° reducers, 
methanogens, and fumarate reducers) which in 
some cases do not fit into either of the above 
definitions [76]. Fermentation is any process used 
by a cell to obtain energy that involves substrate- 
level phosphorylation; the chemiosmotic gradient 
in such cells is maintained at the expense of ATP 
already produced. Respiration is any process used 
by a cell to obtain energy that involves the use of 
electron transport phosphorylation and the chem- 
iosmotic process (1.е., a separation of charge across 
a biological membrane). Such definitions can be 
expressed in this manner: 


respiration 
Protonmotive force 3——— —* ATP (1) 
fermentation 


Thus, such processes as glucose conversion to 
pyruvate and further conversion to end-products 
like butyric or acetic acids are fermentations, 
whereas the oxidation of pyruvate to CO, and the 
reduction of CO, to CH, by H, are considered 
respiratory processes. Likewise, since energy gen- 
eration by all the substrates in Table II is also 
likely to involve electron transport phosphoryla- 
tion and not substrate level phosphorylation, it 
should be considered respiration. 

In the sections that follow, we will discuss the 
biochemical basis for methanogenesis, the involve- 
ment of the chemiosmotic process in ATP forma- 
tion and the relation of these processes to cell 
growth. We will clarify some seeming inconsisten- 
cies in the literature, provide several heuristic 
models for the relationship of methanogenesis to 
АТР formation, and suggest several experimental 
approaches that might be of use in improving the 
understanding of methane production. 


Il. Biochemistry and enzymology of methanogene- 
sis 


This section will deal with the work done on the 
biochemical steps of methane production and their 
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relationship to one another and to energy utiliza- 
tion and production. 


IIA. Pathway of methanogenesis 


ПА-1. Whole-cell work 

Earlier this century, it was suggested by H.A. 
Barker [81] that methanogens could reduce carbon 
dioxide with a source of electrons (e.g, Н,) to 
form methane. This was confirmed in 1940 by 
Barker [82] using radioactive carbon (!!C) in one 
of its first applications. He showed CO, to be a 
source of cell carbon as well. Further experiments 
with 1С verified these findings and also showed 
methane formation from methanol and the methyl 
group of acetate in Ms. barkert [83]. 

Deuterium experiments in the 1950's demon- 
strated that the hydrogens on those latter methyl 
moieties are transferred directly to methane [84,85]. 
Recently, it was proven that when CO, is reduced 
by hydrogen, the ‘H?’ on methane arises not from 
hydrogen gas, as was previously reported [86], but 
rather from the protons in water [87,88]. H, then 
serves only as a source of electrons (protons serve 
in the membrane gradient, as we will see later). 

As for formate, a substrate used by half the 
genera of methanogens, initial evidence was that it 
ignot directly used in methanogenesis, but instead 
is first cleaved to H, and СО», which are then 
used [89] However, present interpretation 
[37,90,91] is that formate (2595) could enter the 
methane pathway directly at the formate oxidation 
level with subsequent reductions by Н, or reduced 
intermediates (Еу) formed by the oxidation of 
formate to CO, (see Table II). 

Optimal whole-cell methane production rates 
vary considerably, although few quantitative mea- 
surements have been made. Rates range from 50 
nmol/ min per mg protein for Mtx. soehngenii on 
acetate [50] to 14000 nmol/min per mg protein 
for Mb. thermoautotrophicum strain Marburg [92] 
on H5/CO,. 

Ms. barkeri can grow mixotrophically [93-96]. 
Certain interesting metabolic traits were demon- 
strated in these mixotrophic studies. When grown 
on acetate under М, gas, about 80% of the methane 
arises from acetate; the remainder comes from the 
organic compounds in the medium (low levels of 
trypticase and yeast extract greatly stimulate this 
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organism during growth оп acetate [94,95]. 
Methane in this case comes predominately from 
the methyl group of the acetate. If excess Н,/СО, 
is present (instead of М), 42% of the methane 
arises from the methyl group of acetate, while in 
the presence of methanol (under an N, atmo- 
sphere) only 5% of the methane produced arises 
from acetate. Methanol stimulates the oxidation of 
the acetate methyl group; ie., acetate provides a 
source of electrons for the reduction of methanol 
to methane and provides little methanogenic 
carbon. 

Whole-cell studies of methanogens cannot tell 
us much more about the biochemistry of methane 
formation, except for inhibitor studies which will 
be discussed later. We will now describe what is 
observed when cells are cracked open for a look 
inside. 


ПА-2. Cellextract work 

Successful demonstration of methanogenesis in 
cell-free systems was not accomplished until 1963 
with Mb. bryantii [104] (then called Mb. 
omelianskit) and with Ms. barkert [105]. 

Extracts of the former would, under a H, atmo- 
sphere, reduce CO, as its preferred substrate (30 
nmol/min рег mg protein) and also CH,-B,, 
serine, pyruvate, methyl tetrahydrofolate and for- 
mate to methane [105]. Extracts of the latter con- 
verted methanol to methane best (6 nmol/ min per 
mg protein), as well as (but with lower rates) СО;, 
CH,-B,,, methyltetrahydrofolate, formaldehyde 
and pyruvate. In both extract systems, ATP was 
required for methanogenesis. Coenzyme А was 
additionally required in Ms. [106]. 

Since this early work, a detailed description of 
the reduction of CO, to methane by crude extracts 
of Mb. thermoautotrophicum strain AH has been 
completed by Romesser et al. [97-99,380] and 
other workers in Wolfe’s lab [100—103a]. The ef- 
fects of adenosyl nucleotides, cofactors, tricarbo- 
xylic acid cycle intermediates, buffers, pH, Mg?* 
concentration and temperature were studied. Opti- 
mal rates obtained were about 20 nmol/ min per 
mg protein, well below that of whole-cell rates 
(about 7000 nmol/ min per mg protein). 

Several other groups [86,107,108], including the 
authors of this review [379], have studied methane 
production rates in this and other methanogens 


from CO, in cell-free extracts, but several observa- 
tions common to all studies still return to haunt 
us: 

(1) very high protein concentrations are re- 
quired (10-30 mg/ ml); 

(2) rates of methane synthesis are quite low 
compared to those in whole cells (e.g., 50 nmol/ 
min per mg protein vs. 7000 nmol/min per mg 
protein in extracts and whole cells, respectively, of 
Mb. thermoautotrophicum strain AH, [100,380]; 

(3) the process is very oxygen-sensitive, even 
though many of the enzymes and cofactors in- 
volved in methanogenesis are oxygen-stable. 

The requirements for high protein levels in ex- 
tracts from thick cell slurries (0.5—1.0 g.wet weight 
cells mixed with 1 ml buffer) and low overall 
activities are puzzling. These could be explained in 
several ways. 

Soluble cofactors essential for the reaction series 
may be diluted out in the extract-making process. 
However, successful use of dialyzed extracts [380] 
that сап produce CH, at rates comparable to 
crude extracts makes it unlikely that dilution of 
soluble cofactors would be the cause. 

Activity could also be impaired if the salt con- 
tent or ionic strength were drastically different in 
the crude extract from that within the cell. Indeed, 
the cells maintain high internal potassium levels 
(0.1-1.2 M K* [109-111]. At least one enzyme, 
the 5-deazaflavin reducing hydrogenase from Mb. 
thermoautotrophicum, requires high salt concentra- 
tion for activity [112]. 

If the methanogenic enzymes were freely solu- 
ble in the cytoplasm one would expect that their 
activities should not be greatly impaired by dilu- 
tion and that specific activities should not vary 
greatly with dilution; however, if for activity one 
required these proteins to have a certain physical 
arrangement that cell lysis could disrupt, then only 
those enzymes which had maintained.the proper 
physical relationship to one another would still 
function. In such cases, the extract-making proce- 
dure would destroy much of the methanogenic 
apparatus. 

One cell structure which could hold the 
methanogenic enzymes in close proximity to one 
another is a membrane; in making cell-free ex- 
tracts, membranes are disrupted radically and ге- 
assembled in a variety of shapes and sizes. Activity 


(CO, > СН,) сап still be found in supernatants of 
lysates centrifuged at 30000—100 000 х g; this does 
not exclude the presence of membranes and mem- 
brane-bound proteins [86,113,114]. The increase of 
methane activity in pellets with increasing centri- 
fugation is consistent with this idea [86]. One 
could even speculate that closed vesicles may be 

` required for methanogenesis, since both methane 
production and vesicle formation are concentra- 
tion-dependent. The strongly inhibitory effects of 
membrane-solubilizing agents (deoxycholate) and 
uncouplers (2,4-dinitrophenol (DNP) and carbonyl 
cyanide m-chlorophenylhydrazone (CCCP)) sug- 
gest that membranes could be involved [86]. The 
use of different cell-breakage procedures (e.g. 
French press, Ribi cell breakage, osmotic lysis and 
sonication) may yield different size distributions 
and orientation of membrane structures [115]. That 
membranes are involved in methanogenesis is rea- 
sonable, since the reduction of CO, is an energy- 
producing redox process producing a separation of 
charge and chemiosmotic production of ATP, as 
will be discussed in a later section. 

Another process that may be at work is 
protein-protein interaction. Higher protein con- 
centrations may favor multimer or aggregate for- 
mation, with or without membrane association. 
Such physical interactions may be essential for 
some electron- or carbon-transferring reactions. 
One such enzyme in methanogens is the 5- 
deazaflavin reducing hydrogenase, which is hydro- 
phobic and forms high-molecular-weight (approx. 
105) aggregates with a variety of proteins [112]. 

The explanation of oxygen sensitivity is found 
in further study of the purified systems (see below). 
At least two components of the reaction series 
(component B and the formaldehyde-activating 
factor [103,116,117]) are rapidly destroyed by O,, 
but many of the other enzymes (e.g., hydrogenase 
and CH,-CoM reductase) and cofactors (e.g. 
СоМ) are O, stable. 

The involvement of membranes, lipids or pro- 
tein aggregates makes separation of components 
and elucidation of the individual reactions in- 
volved in this process difficult. This is a partial 
explanation of why few of the enzymes or cofac- 
tors related to methane production are fully un- 
derstood. 
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ПА-3. Coenzymes and related components т 
methanogenic bacteria 

The methanogens have provided a wealth of 
new coenzymes for biochemical studies. А variety 
of novel, heretofore undescribed coenzymes have 
been demonstrated to occur only (or pre- 
dominately) in these bacteria. Most have known 
structures and functions; some are obviously in- 
volved in the methane production path. We will 
discuss each described novel cofactor in turn, and 
point out information on the use of the traditional 
widespread coenzymes. А compilation of quantita- 
tive information on most of these is provided in 
Table III. Figs. 1-3 give the structures of many 
methanogen coenzymes. 


IIA-3a. Electron transport 

(i) 5-Deazaflavin (Е,). The first naturally oc- 
curring 5-deazaflavin (Еро) was discovered in 
methanogens [138,139,119]. It has the structure 
shown in Fig. 1a, and is found in all methane-pro- 
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Fig. 1 Structures of electron-transferring coenzymes іп 
methanogens. (A) Еро ( N-(N-L-lactyl-y-L-glutamyl)-L-glutamic 
acid phosphodiester of 7,8-didemethyl-8-hydroxy-5-deazari- 
boflavin 5'-phosphate) [139]; (B) riboflavin; (C) nicotinamide 
mononucleotide. 
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TABLE III 
COENZYME CONTENT OF METHANOGENIC BACTERIA 


Coenzyme levels were calculated from the indicated references assuming dry weight — 0.2 wet weight, and that protein contributes 
50% to the cell's dry weight. The methods used іп the references included а wide variety of coenzyme estimation techniques, including 
bioassays, purification and weighing, spectroscopy and HPLC 








Coenzyme Molecular Levels of coenzymes (nmol/mg protein) 
weight Methanobacterium Ref. Other Ref. Eubactenal Ref. 
[Ref ] thermoautotrophicum methanogen comparison 

Electron transfer 

5-Deazaflavin 843 =1.2 118 ж12 118 попе, Е сой, 

(Ға) [118] — Ms. barkeri Acetobacterium woodi; 119 
0.08 – Streptomyces 120 
gristus 

Nicotinamides 123 0.44 122 3.6 - Мс. voltae 122 66-Е сой 122 

(as nicotinic acid) [121] 

Flavins 376 0.19 122 0.20- Мо. voltae 122 1.65 — E coli 122 

(ав nboflavin) [121] 019 — B subtilus 122 

Quinones: menaquinones = 600 none 76  notdetermined ~  35- Vibrio succinogenes 123 

[121] 
a-Tocopheroquinones 448 0.03 124 0.03 124 0.05-Е. сой 124 
[124] - Mb. bryantu 

Cytochrome b unknown none 76 0.30 125 0.11 - Pseudomonas AM1 126 

~ Ms. barker: 

Cytochrome с unknown none 76 0.02 125 0.46 – Pseudomonas AM1 126 

~ Ms barkeri 
Carbon transfer 
Coenzyme M 141 3.0-12.1 127 15.0-50.0 127 none 127 
[127] — Ms. barkeri 
Corrinoids 1400 13 128 32-82 128 14- 
[121] — Ms barkeri Acetobacterium woodti, 128 
< 0.01 – E сой 129 
Methanopterin 751 = 3.2 130 =42 118 unknown - 
[391] = 4.2 118 Мб barker: 
УЕС 
(tentatively 
formyl-methano- = 725 
pterin) [131] == 0.3 131 - - unknown - 
Methano- 564 м3 132 - - >= - 
furan (СОК) (132) 
FAF = 700 21.4 133 - - = - 
[133] 

Biotin 244 0.0003 122 not determined - 0.0018 — E. colt 122 
[121] 

Folic acid 443 0.00004 122 0.0001 122 0.005 — E. coli 122 
[121] — Mc. voltae 

Thiamine 337 0.0066 122 0.0096 122 0.044 - E coli 122 
[121] — Mc. voltae 

Pantothenic acid 219 0.077 122 0012 122 1.55 - E. сой 122 
[121] ~ Ме. voltae 

Unknown function 

F439 977 1.2 134 1.6 134 попе- 134 

[134] — Ms barkeri Acetobacterium woodii, 
E coli 
= 3.6 118 =3.6 118 - - 
— Ms barken 
Component B =1000 7 392 =3.5 392 попе 392 


— Ms. barkeri 











ducing bacteria (approx. 1.1-4.7 nmol/mg рго- 
tein). Interestingly, it is involved in at least two 
reactions in Streptomyces species [120,140], photo- 
reactivation and chlorotetracycline biosynthesis, its 
only non-methanogen occurrences in the literature. 
In these non-methanogens, the levels are about 
15-fold lower (See Table IIT). Recent work in our 
lab (Daniels, L. and Harmon, K., unpublished 
data) suggests it is widespread among the 
streptomyces. The structural similarity to a flavin 
(Fig. 1b) is obvious, but actual chemical properties 
make it more similar to nicotinamide (Fig. 1c); it 
has a portion of the nicotinamide in the central 
ring of its structure, and is chemically restricted to 
only 267 transfers like other 5-deazaflavins and 
unlike flavins, which can carry out both one- айа 
two-electron processes [141-144]. Prior to the 
structural elucidation of Еру deazaflavins had 
been widely used as model reactants to study 
flavin and nicotinamide enzymes [141—145]; some 
of these organically synthesized compounds were 
useful in the original structural work, and in the 
later synthesis of F). F; is an abbreviated molecule 
of Еро, containing only the ribityl and not the 
entire В group shown in Fig. la. В has full 
catalytic capacity in the redox reactions used by 
Ее in methanogens [139,119,145-148]. Ап inter- 
esting comparison of the evolution of flavins, 
deazaflavins and nicotinamides has been made 
[149]. 

The function of Еро is the transfer of electrons. 
It is reduced by H, via hydrogenase (see also 
below, enzymes) and can transfer electrons to 
NADP but not NAD using NADP-F4, oxidore- 
ductase [1,112,150—153]. Evidence from isotopic 
methane experiments suggests it accepts 26” from 
H, and 2H* from water [87,88]; it can then trans- 
fer the H at position 5 directly and stereospecifi- 
cally to the NADP [154]. Formate (via formate 
dehydrogenase) CO and possibly methanol and 
acetate also donate electrons to Fy) [90,155—157]. 
Its function in other redox reactions (e.g., pyruvate 
or a-ketoglutarate dehydrogenases, assayed only in 
crude extracts [158]) in methanogens is not clear. 
Тһе direct electron donors for methanogenesis are 
unknown; Еро is a likely candidate, since in part- 
ially purified methyl reductase systems (see below), 
either Еро reduced by NADPH-F44, oxidoreduc- 
tase [116] in the assay mixture or prereduced ж 
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is required for methyl reductase activity. It is not 
known ШЕ, is bound to one or more proteins in 
the cell, or is a freely diffusable cofactor. However, 
in a more purified system, hydrogenase or chemi- 
cally reduced Ро did not reduce methyl-CoM to 
methane through the methylreductase enzyme 
(Nagle, D., personal communication). Its use in 
cell carbon biosynthesis has not yet been fully 
studied. However, it is clear that it is a central 
redox cofactor for the oxidation of Н,, and proba- 
bly many of tbe electrons used by methanogens 
pass through it. 

(ii) Nicotinamides, flavins and folates. The 
ubiquitous nicotinamide precursor, nicotinic acid 
(and presumably МАП and МАРР), flavins and 
folic acid are found in methanogens [122,159]; see 
Table III. The levels of these coenzymes are com- 
parable to those in eubacteria, except for low 
amounts of folic acid. It is of interest that the 
organisms have both nicotinamides and Еро (dis- 
cussed above), since they carry out similar 2e^ 
transfer reactions [112,141—144,160]. МАРР can 
be reduced through МАРР-Е у) oxidoreductase; 
NAD, however, cannot be reduced ма Fy 
[151,158] nor directly from hydrogenase [1,150,158] 
or formate dehydrogenase [91] Тһе reduction 
pathway for NAD is not known. Moreover, 
МАРРН: МАР transhydrogenase activity has not 
been detected in crude extracts [161]. NAD is the 
preferred cofactor of the malate dehydrogenases of 
Mb. thermoautotrophicum [158], Ms. barkeri [95] 
and Msp. hungatei [162]. The isocitrate dehydro- 
genase of Ms. barkeri [95] requires NADP; how- 
ever, either NADP or NAD can function in gluco- 
neogenesis reactions [158]. 

Since certain enzymes have an absolute require- 
ment for NADH, a way must exist to reduce 
NAD. Though none has yet been found, one can 
conceive that those enzymes which can use either 
nicotinamide could act as electron transferases. 
One example is glyceraldehyde-3-phosphate dehy- 
drogenase. In the reducing direction it has a 10-fold 
greater affinity for NADPH, while in the oxidizing 
direction МАР or NADP have the same affinity 
[158]. Since the NADP сап be reduced by Figo, the 
concentration of NADP should be quite low, while 
NAD should be higher, such that NADPH could 
reduce 3-phosphoglyceric acid to glyceraldehyde 
3-phosphate. NAD could then be reduced to 
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МАРН. From this one could conceive a regulatory 
.role for NADH in metabolism whereby the 
NAD:NADP ratio might act as a sensor of cell 
production of reducing equivalents (і.е., F,,,-re- 
duced). However, experiments along this line have 
not been conducted. 

Flavins (FMN, FAD or riboflavin) can be re- 
duced by hydrogenase or formate dehydrogenase, 
but at a slower rate than ЕЁ, [91,150,157]. In Msp. 
hungatei, flavin-dependent NADH oxidase activity 
has also been described [161]. Also, FAD acts as a 
prosthetic group of the F,..-reducing hydrogenase 
of Mb. thermoautotrophicum [112], and FAD is 
required for the formate dehydrogenase in Mb. 
formicicum [163,164]. FMN is found on a 
flavoprotein in Mb. thermoautotrophicum AH 
(Hausinger, R., personal communication). 

Methyl tetrahydrofolate can serve as a low-rate 
methanogenic substrate in crude extracts, proba- 
bly indirectly (104,106,165,166]. Although a variety 
of reactions using folic acid derivatives have been 
discussed or demonstrated, the relevance of this 
cofactor group in methanogenesis is not clear (see 
also below under carbon transfer cofactors). 

(iii) Quinones. Quinones, namely menaquinone, 
are used in the electron transfer chain of most 
eubacteria; they are lacking in Mb. thermoauto- 
trophicum (Kröger, A., unpublished data; see also 
Ref. 76), the only methanogen in which they were 
looked for. However, in a recent study [124] a new 
class of these cofactors, the a-tocopheroquinones 
and a-tocopheroquinols (Fig. 2), were found in a 
variety of eubacteria, eukaryotes and the archae- 
bacteria. Mb. thermoautotrophicum, Mb. bryantit 
and E. coli all had roughly the same levels (0.03 
nmol/ mg protein); see Table III. The function of 
these electron carriers is known only for a few 
organisms, including a Butyribacterium sp. that use 
it in the biohydrogenation of unsaturated fatty 
acids. Their role in redox reactions may vary in 
other organisms. 

It is doubtful that the methanogens would use 
these in the methanogenic pathway. In Vibrio suc- 
cinogenes, which uses menaquinones as ‘obligate 
redox mediators of formate-fumarate reductase, 
the level of the menaquinones is 35.0 nmol/mg 
protein [123], a concentration more comparable to 
that of Еро (19 nmol/mg protein) than of 
a-tocopheroquinones (0.03 nmol/ mg protein) 


[124]. It is thus unlikely that the a-tocophero- 
quinones are involved in a high-flux pathway such 
as methanogenesis. 

(iv) Ferredoxins. Four different laboratories have 
reported the presence of ferredoxin in Ms. barkeri 
[167-170]. Though easily contaminated by hetero- 
trophs, microbiological plating and microscope 
examinations revealed none; it thus seems the 
ferrodoxin is from the methanogen. Its structure at 
the N-terminal end shows protein sequence homo- 
logies with ferredoxins from Clostridium and De- 
sulfovibrio species [167,168]. It was shown to act in 
Ms. barkeri as a cofactor in the pyruvate dehydro- 
genase system, whereas Р, did not; thus, it may 
be important in cell biosynthesis reactions. Prece- 
dence for involvement in such reactions is found 
in pyruvate and formate biosynthesis in Clostridium 
pasteurianum [170-174]. Ferredoxin has also been 
found in a thermoacidophilic archaebacterium, 
where it acts as electron acceptor for 2- 
oxoacid : ferredoxin oxidoreductases [175]. 

Attempts to isolate ferredoxin in other 
methanogens have not yet been successful (unpub- 
lished data). It is not clear whether this protein 
can play any part in methanogenesis, even in Ms. 

(о) Cytochromes. Few methanogens have been 
examined thoroughly for cytochromes. Four strains 
of Ms. were shown to contain both cytochromes 
5-559 and c [176,125]; see Table III. Ms. barkeri 
strain Fusaro contains two cytochrome b species 
when grown on methanol or methylamine, and 
possibly a third when grown on acetate. The levels 
of b type cytochromes (0.3 nmol/ mg protein) are 
similar to those of aerobic methylotrophs [126]. 
Low levels of cytochrome c (0.016—0.075 nmol/mg 
protein) were found in all Ms. strains. The care in 
checking against contamination and the high levels 
of cytochrome b indicates contaminants cannot 
account for the findings. 

Phylogenetically and on the basis of nutritional 
versatility, the Ms. stand apart from the other 
methanogens [36]; thus, it is not unreasonable that 
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Fig. 2. Structure of a-tocopheroquinone [124]. 
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Fig. 3. Structures of coenzymes іп methanogens that are used іп carbon transfer or reduction reactions: (А) methyl coenzyme M 
Q-(methylthio)ethane sulfonate) [135]; (B) methanopterin [391]; (С) chromophore of Бу, а nickel corrinoid [136,196]; (D) a 
tetrahydrolumazine found associated with Р, (6,7-dimethyl-8-ribityl-5,6,7,8-tetrahydrolumazine) [137]; (E) СРЕ (methanofuran 


above and formyl methanofuran below) [132]. 


cytochromes are found only in this group. Another 
unusual methanogen recently isolated, Mtx. 
soehngenii, has been reported to contain two dif- 
ferent types of membrane-bound cytochrome [50]. 
Mb. thermoautotrophicum, an obligate CO, respirer, 
does not possess cytochromes [76,2]. It is interest- 
ing that all the above-mentioned cytochrome con- 
taining methanogens are the only ones that reduce 
methyl groups to methane. It will be interesting to 
see whether the recently isolated Ms. mazei, which 
respires methanol, also contains cytochromes. МЕ 
tindarius, which cannot grow on H,/CO,, but on 
methanol, contains cytochromes (Stetter, K.O. and 
Kühn, W., unpublished data). New strains of Mtx. 
5оейпяепи isolated by Fathepure [177] and Patel 
(Patel, G.B., personal communication) grow much 
faster than the original strain, and may offer some 


advantages for the study of cytochromes in 
methanogens. 

The function of these cytochromes is not yet 
known. They could be involved in electron transfer 
steps akin to those involved in oxygen respiration, 
since reduction of oxygen and of oxidized C,- 
sources are analogous. On the other hand, if cyto- 
chromes are limited to methyl-group metabolizers, 
they might be involved in electron transfer from 
methyl-group oxidation to СО», similar to methyl 
oxidation in aerobic methylotrophs. However, 
these same cytochromes are present at the same 
level even when the methanogen is grown with 
H,/CO, [125]; this might only represent a lack of 
control rather than function under both condi- 
tions. 
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IIA-3b. Carbon transfer 

(i) Coenzyme M. Coenzyme M (2-тегсар- 
toethanesulfonic acid) was the first novel cofactor 
described in the methanogens (Fig. 3a). It has not 
been found in any other organisms [127] The 
mercapto end carries a methyl group in the last 
two-electron reduction step in methanogenesis. 
This reaction is catalyzed by СН;-5-СоМ re- 
ductase (see enzyme section below) [135,178]. It is 
present in levels of 3-50 nmol/mg protein in 
methanogens (see Table III). Mb. ruminantium M1 
is an auxotroph for this vitamin [47,179]. 

Various derivatives of coenzyme M have been 
synthesized with several substitutions of the methyl 
group at the mercapto end in an attempt to study 
the methanogenic pathway [101,108] Нудгоху- 
methyl, formyl, acetyl, dimethyl and others have 
been made. Few of these derivatives act as 
methanogenic substrates in crude extract or the 
methyl reductase assay. Recently, we have synthe- 
sized selenium containing coenzyme M (H-Se-CoM 
and CH,-Se-CoM) (Ruhe, К. and Daniels, L., 
unpublished data). 

Bromoethane sulfonate (Вг-СН,-СН,-50, , 
also called Br-CoM), a starting material that can 
be used for the organic synthesis of CH,-S-CoM, 
is a strong inhibitor of growth and methanogenesis 
[98,165]; mutants resistant to Br-CoM have been 
isolated [180]. 

Coenzyme M has been reported as part, on a 
1:1 ratio, of the component СоМ-Е о (a nickel 
corrinoid cofactor to be discussed below) of CH,- 
S-CoM reductase [181]. Other more recent work 
(Hausinger, R., personal communication) suggests 
that coenzyme M is attached in some manner to 
the enzyme methyl reductase (see below) but to a 
portion of the molecule other than Ёз. Thus the 
structural and functional relationship between 
these two coenzymes is unknown. The nature of 
the binding and actual structure of this prosthetic 
group is unknown. Its binding is stable, suggesting 
that CoM may not necessarily be a freely diffusing 
cofactor but may be permanently bound nea: the 
active site of the СН;-5-СоМ reductase [182] or 
that there may be two populations of HS-CoM in 
the cell, accounting for the ease of reduction of 
added free methyl CoM to methane, and the par- 
ticipation of free CoM in crude extract methano- 
genesis. The fact that dialized extracts work in 


methanogenesis [98] suggests that only a bound 
population is necessary. 

(i) Corrinoids. Blaylock and Stadtman [106] 
were the first to report high contents of corrinoids 
in Ms. barker, originally suggested by the redness 
of their extracts. However, only recently, using a 
bioassay system, have the levels of this coenzyme 
been examined in this and other methanogens 
[128]; see Table III. Four Mb. species examined 
had 1.3-1.8 nmol/mg protein and Ms. barkeri 
had 3.2-8.2 nmol/mg protein (depending on 
growth substrate). Roughly comparable levels, 
based on spectrophotometric assays on the latter 
organism, where reported by Shapiro [183]. These 
levels are moderately high compared to other 
organisms, indicating an important metabolic role. 
Note here that the organisms with the highest 
levels of corrinoids are those that can use methyl 
groups. 

Early work using sewage sludge [184] (metha- 
nogens are generally found in high numbers in 
sludge) and a mixed methanogenic culture [186] 
had shown the corrinoids present to possess an 
a-ligand composed of 5-hydroxybenzimidazole in- 
stead of the 5,6-dimethylbenzimidazole commonly 
found in bacteria and eukaryotes. Recently, 5-hy- 
droxybenzimidazole has been found in Ms. barkeri 
[187]. Methanol grown Ms. фа’Кет is shown to 
contain two derivatives of 5-hydroxylbenzimi- 
dazolylcobamide (factor III) as the major natural 
corrinoids [185]. Of the total corrinoids, these are 
70-80% as comethyl-factor III and 20-30% as 
coaquo-factor III [185]. No other pure culture 
isolation of corrinoids in methanogens has yet 
been carried out. 

Involvement of corrinoids іп methanogenesis 
was suggested when crude extracts of both Ms. 
barkeri and Mb. bryantii [105,188] were shown to 
convert the methyl group of CH,-B,, to methane. 
Since then, the enzymatic transfer of methyl from 
CH,-B,, to HS-CoM has been demonstrated [178]; 
this reaction, however, may not be relevant to 


CHg C0 OH— = CHy Big —t СНУХ — ону S-0oM —* CHa 
со; 
Fig. 4. Proposed path for acetate metabolism to methane 


[60,61]. СН;-В,; indicates a corrinoid protein; СНз-Х is an 
unknown methyl-transferring protein. 


methane production [2,183] Recently, Shapiro 
[183] presented evidence that corrinoids do not 
function in the conversion of methanol to methane; 
his data only allow the conclusion that free cor- 
rinoids are not involved in methanogenesis. How- 
ever, a protein-bound corrinoid does participate, as 
discussed in both the methyl transferase and methyl 
reductase sections. 

That Ву, or corrinoids are involved in metabolic 
processes distinct from, but related to methano- 
genesis has been proposed by Kenealy and Zeikus 
[189,61]. They suggest CH,-B,, is involved in 
acetate formation (Fig. 4) in Ms. barkerit. They 
hypothesize CH,-B,, and cell-carbon synthesis, 
and CH,-S-CoM and cell bioenergetics to be link- 
ed via a possible common intermediate, ‘CH,-X’. 

If this path is correct, energy production from 
acetate could simply proceed via the reversal of 
the reactions producing acetate. The search for the 
elusive acetate cleavage enzyme might fruitfully 
begin with the ‘CO dehydrogenase’ [59—61]. This 
model also explains the production of methane 
from CH,-B,, in cell free extracts; excess CH,-B,, 
shifts the equilibrium back towards CH,-X, CH,- 
S-CoM and CH,. This would be part of a cell- 
carbon-regulating mechanism; high CH,-B,, levels 
might shift metabolism toward higher methane 
production. 

(iii) Methanopterin, formylmethanopterin (У FC), 
F,,; and FAF. In “СО,- and CH,OH-labeling 
experiments, it was observed that, in addition to 
cell-carbon precursors (e.g., alanine, glutamic acid 
and aspartic acid) and CH,-S-CoM, a previously 
undescribed compound was highly labelled at early 
times (2-10 s) [190]. Kenealy and Zeikus [61] also 
have reported this intermediate. This compound, 
originally termed YFC (yellow fluorescing com- 
pound), fluoresces yellow under ultraviolet light 
when in a dry state. Spectral properties resembled 
those of pterin or folic acid derivatives but did not 
match that of any reported compound; it con- 
tained neither sulfur nor phosphatase-sensitive 
phosphate; folic acid bioassays were negative [190]. 
Decomposition studies showed that the products 
of acid, base ог NH; treatments still had ultra- 
violet-visible and fluorescent spectra resembling 
pterins [131,190]. 

Extraction of cells and purification of this 
carbon carrying cofactor yielded only 12 mg/kg 
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wet weight of cells [131]. However, it was observed 
that YFC was enzymatically converted to a non- 
carbon carrying blue-fluorescent compound. This 
cofactor, methanopterin, was present in levels of 
150-200 mg/kg wet weight of cells, and structural 
studies indicate it is a pterin [391]; see Table III 
and Fig. 3b. Methanopterin was usually isolated 
aerobically in contrast to the FAF discussed be- 
low. However, one study, conducted anaerobically, 
showed enzymatic conversion concomitant with 
methanogenic conditions [191]. Structural work is 
not yet complete on this compound, since organic 
synthesis have not been completed. The carbon- 
carrying cofactor (YFC) is thought to carry a 
methanogenic carbon two electrons reduced from 
CO,; this derivative, initially was thought to be a 
carboxymethanopterin [131], is now thought to be 
either a formyl- or methenyl-methanopterin [253]. 

Although the precise function of methanopterin 
is unknown, it is clearly a carbon-carrying cofactor 
or prosthetic group, since it is labelled so rapidly 
[190]. Labelling experiments by Kenealy and 
Zeikus [61] with '*CH,OH in the absence ог pres- 
ence of hydrogen suggest it is involved in the 
earlier CO, reduction steps, since the presence of 
hydrogen reduces “СН;ОН to “CH, and pre- 
vents the appearance of [!^C]-methanopterin [61]. 
This hypothesis is also suggested by recent results 
in Wolfe’s lab indicating that it is a component of 
the originally described CDR factor (to be 
discussed below) required for CO, reduction to 
methyl-CoM (Nagle, D., personal communication). 

Gunsalus and Wolfe have described a strongly 
blue-fluorescent compound with an absorbance 
maximum at 342 nm, which they named Ру, [192]. 
It may be a metabolic variation of methanopterin, 
or a decomposition product. 

Recently, the original CDR factor has been 
resolved into two components, both needed for 
methanogenesis from CO,: CDR itself, a CO, 
binding non-pterin cofactor described below [132], 
and FAF a pterin-like ‘formaldehyde-activating 
factor’ [133]. FAF spectrally resembles a pterin 
(absorption maxima at 247 and 302 nm at pH 7) 
and thus methanopterin; it also has a similar size 
[133], but its structure is unknown. FAF is isolated 
from cells anaerobically, and when exposed to air 
cannot work as a methanogenic cofactor [133], 
even after a long incubation under reducing condi- 
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tions, whereas methanopterin can replace FAF іп 
methanogenesis assays after a long lag when al- 
lowed to incubate under similar reducing condi- 
tions. FAF participates in two separated two-elec- 
tron reductions, and can carry carbon at the for- 
туі, hydroxymethyl and methyl levels: it may thus 
be one of the most versatile of the methanogenic 
intermediates [133]. Further work on the structures 
and enzymatic conversions of YFC, methanopterin 
and FAF will be essential to understand the 
metabolism of methanogens. It should be kept in 
mind that these various pterins may be intercon- 
vertable forms of the same coenzyme used in 
methanogenesis, or may represent structurally sim- 
ilar compounds with distinctly different functions, 
for example in acetate synthesis (discussed below 
in cell carbon biosynthesis) instead of methane 
production. 

(iv) CDR factor (methanofuran). The CDR fac- 
tor is a CO,-binding cofactor essential for 
methanogenesis from CO, [99,103a]. It has a bio- 
logically unusual furan structure, as shown in Fig. 
3 [132]. The structure of the carbon-carrying form 
is also shown; the formation of this latter inter- 
mediate involves the first two-electron reduction in 
the path of methanogenesis from CO,. Table Ш 
gives an estimated value for the amount present in 
cells [132]. 

(v) Biotin, folic acid, thiamine and pantothenic 
acid. Many of the conventional carbon transfer- 
ring coenzymes have also been found in 
methanogens [122,128]; see Table III. They could 
possibly be involved in the reduction of CO, to 
CH, as well as in the other traditional functions of 
carboxyl and other C, transfer reactions. 

Biotin content of Mb. thermoautotrophicum is 
about 0.0003 nmol/mg protein, 3—20-times less 
than the levels in non-methanogens [122]. These 
levels are reasonable for use in biosynthetic paths 
but hardly enough for methanogenesis. 

Folic acid levels in Mb. thermoautotrophicum 
and Mc. vannielii (0.04 and 0.1 pmol/ mg protein, 
respectively) are 80—400-times lower than in non- 
methanogens. Thus, its use is probably restricted 
to the biosynthesis of specialized products such as 
serine or purines. Other pterins, such as 
methanopterin, (see above) may be involved in 
similar reactions. 

Both Mb. thermoautotrophicum and Мс. рап- 


nielit have about 0.01 nmol thiamine/ mg protein 
[122], roughly 20% of that found in other bacteria 
examined. These levels are consistent with its func- 
tion in specific biosynthetic pathways, and not in 
methanogenesis. 

Likewise, pantothenic acid (a component of 
coenzyme A) is found in methanogens in levels 
2-5% of those in a variety of eubacteria [122]. 

Thus, none of these cofactors is likely to play a 
role in methanogenesis, and their low levels could 
imply that other, unique methanogen cofactors 
may play some part in certain one-carbon transfer 
reactions. 


ПА-3с. Unknown function 

(i) Component B. Methyl-CoM reductase cata- 
lyzes the last step of the methanogenic path, con- 
verting methyl-CoM to methane [103]. This en- 
zyme has been purified and further discussion of it 
is given in a subsequent section. Methane produc- 
tion by the purified system requires a variety of 
proteins and cofactors (to be discussed below) 
including component B [116,117,193] Little is 
known of this component's structure or function. 
It is highly polar, highly ionic, acid labile and 
oxygen sensitive [382]. The molecular weight is 
about 1000. Analysis shows approx. 2P and 3N 
per molecule, as well as an aldopentose: There is 
no visible absorbance, but component B has ultra- 
violet maxima at 267 and 233 nm. From 1 kg (wet 
cells) of Mb. thermoautotrophicum 100 mg were 
recovered; see also Table Ш. Its presence is essen- 
tial for enzyme activity, and this assay is the only 
means of identification. 

(ii) Е, о. Methanogens contain a variety of col- 
ored and/ or fluorescent materials of more or less 
known functions. The better known cofactors have 
already been mentioned. One component of crude 
extracts of methanogens was originally designated 
Езо for its absorbance at 430 nm [192]. It is a 
brightly yellow colored, non-fluorescent, Ni con- 
taining compound [134,194,195]. The labs of 
Thauer and Eschenmoser determined the structure 
[136,196] and part of the biosynthetic pathway 
leading to the formation of К [134,194,197—203]. 
It is a nickel-containing tetrapyrrole (Fig. 3c) 
possessing a chromophore system not previously 
encountered in natural products. The native cofac- 
tor is the pentacid derivative [197] of the originally 


studied ЕМ. This cofactor is not found іп 
acetogens (other anaerobic bacteria requiring Ni), 
nor in any other organism tested [136,204]; see 
Table Ш. 

The last enzyme of the methanogenic pathway, 
methyl-CoM reductase (from Mb. thermoauto- 
trophicum), has been found to contain 2 mol Fj49/ 
mol enzyme [205] to which is associated a bound 
form of CoM [181,206]. In looking for enzymes 
containing F439, a chromophoric protein “Р, (or 
"Ро ) has been purified from both Mb. thermoau- 
totrophicum and Ms. barkeri [207]. It contains 1 
mole F,,,/ mole protein. Though enzymatic activ- 
ity of this protein has not yet been examined, it is 
suggested that it is the methyl reductase, implying 
that £44, may only be found in this enzyme. 

The function of Ру is not known. It possibly 
acts as a methyl transferring prosthetic group in 
concert with CoM. Alternatively, it could par- 
ticipate solely as an electron transfer agent for the 
reduction of the methyl group to methane. Other 
Ni-containing enzymes are known to act in redox 
reactions (e.g., hydrogenase in several bacteria 
[112,208—213]) or in carbon-binding reactions (e.g., 
CO dehydrogenase in many bacteria [214,215] and 
urease in plants [216]). In no instance is the cata- 
lytic role of Ni fully understood. Thus, a thorough 
study of redox and other reactions of the Ni in 
Езо during catalysis will be required to determine 
its role in methanogenesis. 

Possibly associated also with the Е,ҙ of methyl- 
reductase is another compound of unknown func- 
tion: 6,7-dimethyl-8-ribityl-5,6,7,8-tetrahydro- 
lumazine (Fig. 3d) [137]. It had been thought that 
bound CoM, Езу and the lumazine form a com- 
plex called CoM-F44,. More recently, other workers 
have not been able to demonstrate the presence of 
these cofactors on F439 [217]. It is currently thought 
that coenzyme M may be bound to the methyl 
reductase at a site distinct from F} (Ref. 217 and 
Hausinger, R., personal communication). The pos- 
sible attachment of а lumazine is less clear, and 
may represent an unfortunate copurification. 

(iu) Cyclodiphosphoglycerate. А new phospho- 
genic compound has recently been found in Mb. 
thermoautotrophicum, independently by Kanodia 
and Roberts [218] and Seeley and Fahrney [218a]. 
?!P-NMR and organic synthesis by Kanodia and 
Roberts have demonstrated that it is 2,3-cyclo- 
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diphosphoglycerate (see Fig. 5) [218]. Using ?!P- 
NMR of stationary phase cells, the largest signal 
(far greater than that of the nucleotide phos- 
phates) was due to this compound. The authors 
have suggested it could serve as a reserve source of 
phosphate or energy, but its true function is not 
yet known. Mbr. ruminantium Баз also been ob- 
served to contain (һе diphosphoglycerate (Roberts, 
M., Kanodia, S. and Daniels, L., unpublished data). 
A variety of other unusual ?!P signals are also 
observed in several methanogens (Roberts, M. and 
Fahrney, D., unpublished data). 


IIA-4. Enzyme studies 


IIA-4a. Hydrogenase 

Early work on the hydrogenases of methano- 
gens indicated that a variety of electron acceptors 
could be used and that there was a great hetero- 
geneity of molecular weights [112,209,219—221]. In 
most methanogens, H, can serve as an electron 
source for the reduction of C, units to methane 
and cell carbon (See Tables I and II). Labeling 
experiments indicate the enzyme hydrogenase nor- 
mally splits H, into protons and electrons, the 
electron carrier Р, taking its protons from water 
in the medium rather than from hydrogen [87,88]; 
hydrogenase is not a hydride transferring enzyme. 
Deuterium isotope experiments indicate that some 
of the protons released from H, gas end up in 
methane, simply because the hydrogenase releases 
these protons into a somewhat confined space 
close to the methanogenic apparatus that is using 
protons. As will be discussed below in the energy 
conservation portion, protons might be released on 
the outside, in the membrane, or inside the cyto- 
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Fig. 5. Structure of a cyclic diphosphoglycerate found in Mb. 
thermoautotrophicum [218,218а]. 
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plasm. Hydrogenase can also make H, from pro- 
tons and electrons, but any physiological impor- 
tance of this reverse reaction is unclear. 

The hydrogenase from Mb. thermoautotrophi- 
cum AH has been purified [112,209]. There are two 
chromatographically distinct hydrogenases: a 
higher molecular weight one that can reduce РК, 
other deazaflavins, flavins and methyl viologen, 
and a smaller one that can reduce only methyl 
viologen. The 5-deazaflavin-competent protein has 
three subunits (.M, 40000, 31000 and 26000) and 
contains iron, sulfur, nickel and FAD (about 20, 
20, 2 and 2 g atoms per mole of enzyme of 
170000, respectively; the FAD most probably 
interacts with the 5-deazaflavin and flavins. The 
methyl viologen-only enzyme contains Fe, S and 
Ni, but no FAD, and has two subunits ( M, 40000 
and 52000) [208]. The evidence to date suggests 
the 40 kDa subunits are not identical (Fox, J., 
personal communication). The smaller hydro- 
genase may represent protein that has lost its 
deazaflavin interacting subunit during extraction. 
Alternatively, it may actually interact with an elec- 
tron carrier other than Fy), eg, a ferredoxin, 
flavodoxin or similar protein; thus they may per- 
form distinct physiological functions. The possibil- 
ity that one or more of the reduction steps in 
methanogenesis does not involve electrons from 
the deazaflavin-hydrogenase, but rather the other 
enzyme should be considered. 

Ni has been shown to be a component of the 
enzyme; since its discovery in this organism, Ni 
has been reported in hydrogenases from Desulfo- 
vibrio gigas [211,222,223] (an anaerobic sulfate re- 
ducer), Alcaligenes eutrophus [212,224] (an aerobic 
H, oxidizer), and Chromatium vinosum (a photo- 
synthetic bacterium) [225]. It may be that Ni is 
involved in most or all hydrogenases. 

The role of Ni in catalysis or electron transfer is 
not understood. EPR studies have shown that Ni 
is responsible for the oxidized protein’s signal, and 
that the Ni undergoes а М-МИИ transition 
[208,210,226]. It is interesting to note that Lancas- 
ter [210,226] first suggested that МПИ was present 
in methanogenic bacteria based on theoretical con- 
siderations of EPR spectra of whole cells. The 
catalytic significance of this redox reaction is not 
known. The flavin and Fe-S centers are also re- 
duced by H, [208]. 


Hydrogenase from Mb. thermoautotrophicum 
strain Marburg (an organism very different from 
Mb. thermoautotrophicum strain AH [227]) has been 
purified 12-fold. It contains Ni and gives EPR 
spectra similar to those of AH [209,228]. Two 
chromatographic species were observed during hy- 
droxylapatite chromatography. Distinct hydro- 
genases have also been observed in Mb. formicicum 
[229] and Мс. vannielii [152]. The enzyme from 
Мс. contains selenocysteine, but metal and flavin 
content are unknown; growth of this organism on 
formate is stimulated by the simultaneous pres- 
ence of selenite and tungstate [154]. This same 
stimulation is observed for both H,/CO, and 
formate growth of Mc. thermolithotrophicus [379]. 
It is possible that the substitution of S by Se in 
such proteins as hydrogenase or formate dehydro- 
вепазе allows better function. The hydrogenase 
from Mb. formicicum contains a flavin (FMN) 
which may be partly lost during purification but 
can be reconstituted (Ferry, J.G., personal com- 
munication). 

Mb. formicicum also has two different hydro- 
genase forms that, as in Mb. thermoautotrophicum, 
react with methyl viologen, but only one reacts 
with Еро [230]. The subunit patterns and peptide 
mapping indicate they are distinct enzymes. Ав 
with other methanogen hydrogenases, preincuba- 
tion under reducing conditions is essential. 

The location of the hydrogenase is not known 
with certainty. The large size (.M,, approx. 10°) of 
all the purified 5-deazaflavin-reducing hydro- 
genases indicates aggregation into a multi-enzyme 
structure, indicating a ‘sticky’ hydrophobic nature. 
This has led to difficulties in purification, suggest- 
ing a membrane origin for the enzyme. Doddema 
has presented electron micrographs of redox dye 
binding experiments suggesting association of the 
hydrogenase to internal membranes [231]. Though 
we feel there is no firm evidence for the location of 
the hydrogenase on internal or other membranes, 
it is an excellent candidate for a proton pump by 
which the separation of charges occurs for the 
chemiosmotic generation of energy (which is the 
sole mode of energy production these cells possess). 


IIA-4b. Formate dehydrogenase 
Formate dehydrogenases are found in both 
aerobic and anaerobic organisms. АегоВев com- 


monly use the enzyme to oxidize formate to СО.. 
Some anaerobes reduce CO, to formate, while 
others convert formate to Н, + CO, [172,232]. Re- 
action 2 and Fig. 6 describe the role of this enzyme 
in formate metabolism: 


formate 
dehydrogenase 


НСООН — — —— 2H* + 2e 


hydrogenase 
-со- 


H, + СО, (2) 


The overall process uses two enzymes, formate 
dehydrogenase and hydrogenase, to carry out the 
function of ‘formate-hydrogen lyase’. 

Although few of these enzymes have been ex- 
amined closely, they appear quite diverse in size, 
cofactors required and metal content [232,233]. AII 
are inhibited by azide. Most have been demon- 
strated to contain iron-sulfur centers, and 
molybdenum; many contain selenium and tung- 
sten. Cofactors commonly used include NAD, 
МАРР, ferredoxin or cytochromes; artificial elec- 
tron-accepting dyes, e.g., methyl viologen, are 
commonly used in spectrophotometric assays. 

About half the methanogens can convert for- 
mate to methane, as indicated in Table II. Little 
work has been done on the purification and study 
of this enzyme in these organisms. Formate dehy- 
drogenase has been demonstrated in crude extracts 
of three methanogens: Mbr. smithii [91], Mb. for- 
micicum [90,157,234] and Mc. vannielii [155]. 

Crude extract work with Mbr. smithii shows 
that the enzyme is very oxygen sensitive. Ру, 
FMN and FAD can serve as electron acceptors. 
The specific activity with Еро as acceptor in crude 
extracts was about 110 nmol/ min per mg protein; 
the formate hydrogen lyase reaction (H, produc- 
tion) was much slower, 2 nmol/ min рег mg pro- 
tein [91], and was dependent on exogenously ad- 
ded Fy). Ferredoxin from C. pasteurianum would 
not replace Ер, in either reaction. 

Formate dehydrogenase from Mb. formicicum 
has been purified 71-fold [157]. Azide (10 mM) 
was used to stabilize the enzyme during purifica- 
tion. The protein has a molecular weight of 288 000 
and can use Е», Е, FMN and FAD as electron 
acceptors. It contains approx. 2.5 Mo per molecule 
of protein. An EPR study of this enzyme [163] 
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CO + ЊО со, + 2Н+ 
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2H* NADPH 
Ho —— _ 
2 H20 —> 20H 2H* NADP 
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C 
2 н'+ CO, 2Е- 


Fig. 6. Major electron transfer reactions іп methanogens. (1) 
Hydrogenase; (2) formate dehydrogenase, (3) МАРР-Е 
oxidoreductase; (4) methyl CoM reductase; (5) CO dehydro- 
genase 


revealed an unusual molybdenum signal as well as 
a more typical iron-sulfur signal. The enzyme had 
an extractable chromophore which exhibited an 
interesting fluorescence spectrum: excitation oc- 
curred at 385 nm (max), 302 nm and 277 nm; 
emission was at 455 nm. Johnson et al. [235] 
suggest the formate dehydrogenase contains a novel 
pterin, since its spectrum is similar to spectra seen 
in a variety of pterin-containing molybdoenzymes 
(sulfite oxidase, xanthine oxidase, nitrate re- 
ductase). 

Formate dehydrogenase from Mc. vannielii has 
also been purified [155]. When cells are grown on 
formate without exogenously added selenium or 
tungsten, Celite chromatography of the extract 
reveals only one formate dehydrogenase activity 
peak, termed peak I. When crude extract formate 
dehydrogenase was assayed during Celite chro- 
matography of Se/ W-grown cell extracts, two dis- 
tinct peaks were seen: peak I was stable (but very 
oxygen sensitive); peak II was unstable to the 
attempted purification procedure and was not iso- 
lated. 

Peak I formate dehydrogenase was a 105 kDa 
protein that contained iron and acid labile sulfide 
(6 gatom per mol enzyme of each) and 
molybdenum (1 gatom per mol enzyme), but did 
not contain selenium. However, the amount of this 
protein was stimulated by addition of Se to grow- 
ing cells. 

Peak II was a higher molecular-weight aggre- 
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gate composed of iron, sulfur, molybdenum, 
selenium and tungsten; the Se was in the form of 
Se-Cys. It occurred only in the Se-grown cells. 
Tungsten stimulated formation of this peak as well 
as replaced some of the molybdenum in this pro- 
tein. Whether this second activity peak may in- 
clude enzyme from peak I, in an aggregate, is 
unclear. 

Тһе route of formate entry into the methano- 
genesis pathway is not known. Formate could be 
split to H, + СО,, and these substrates converted 
to methane. Alternatively, formate could be 
oxidized by formate dehydrogenase and the elec- 
trons transferred to Еро, which would then reduce 
formate (bound in the methanogenic path) to CH,. 
Crude extract work with Mbr. smithii [91] showed 
that formate could lead to H, production with Еро 
or methyl viologen as the electron-transferring 
agent, but how the process proceeds under physio- 
logical conditions is unknown. If H, is produced, 
then hydrogenase could be involved in the produc- 
tion of a transmembrane Н* gradient (see also 
below, Section IIT). However, И H, is not рго- 
duced, but rather Ёл, accepts electrons from for- 
mate and uses them directly to reduce carbon to 
CH,, then formate dehydrogenase could be in- 
volved in the production of the gradient, or a 
hydrogenase activity associated with the formate 
dehydrogenase. A potential problem with this idea 
is that the formate dehydrogenase in methanogens 
appears to be soluble [155,157] implying it could 
be cytoplasmic or loosely bound to the membrane. 
Another question worth considering is whether 
formate dehydrogenase could be part of the direct 
methanogenic pathway of CO, to CH,, in such 
case formate-utilizing organisms would have an 
enzyme capable of binding and transforming free 
formate as well as a carrier-bound formate redox 
level carbon unit. 


ПА-4с. Methyl transferase reactions 

In the late 1960’s Blaylock and Stadtman [105] 
observed the formation of methane from added 
methylcobalamin in cell-free extracts of Ms. 
barkeri; this reaction required ATP. The В, ,-соп- 
taining protein was then partially purified [106] 
and shown to have an M, of about 200000. In the 
presence of methanol, this protein could be meth- 
ylated; the methyl of methyl-B,, could then be 


reduced to methane in crude extract. This 
methanol-B,,-methyl transferase had four compo- 
nents: a corrinoid protein, a second unidentified 
protein, a ferredoxin and a heat-stable dialyzable 
cofactor (HS-CoM probably). 

It was later shown that methyl-CoM is the 
methyl donor for crude and purified methyl re- 
ductase (see below). This does not prevent consid- 
eration of Ву as an intermediate. Taylor and 
Wolfe [135,178] reported methyl group transfer 
from methylcobalamin to HS-CoM in Mb. bryantit 
and purified the enzyme activity 100-fold. This 
enzyme does not require ATP, but little more is 
known. Recently, Wood et al. [236] have purified a 
B,,-containing protein from Ms. barkeri, grown оп 
methanol. This enzyme has a molecular weight of 
200000 and consists of subunits of 44000. The 
enzyme's structure resembles that of the trans- 
methylase that participates in acetate synthesis 
from methylcobalamin and pyruvate in C. thermo- 
aceticum [215,237]. The Ms. barkeri protein, when 
methylated and added back to crude extracts, will 
donate its methyl group for the formation of 
methane. Since methyl cobalamin can transfer 
(slowly) its methyl group non-enzymatically to 
HS-CoM [238], these workers assumed that the B,, 
protein possesses this methyl transferase activity; 
however, the only activity assayed was the conver- 
sion of CH,-B,, to methane in cell-free extracts, 
which could still require many steps. 

Blaylock and Stadtman also suggested 
[105,106,169,239] а methanol-to-B,,-methyl trans- 
ferase. Ms. barkert has 10-times as much corrinoid 
as other methanogens [128,183], implying that it 
has a prominent role in this organism. Recently, 
Shapiro and Wolfe [240] have found that the con- 
version of methanol to methane is constitutive in 
both H,/CO, and methanol-grown cells. They 
show methanol to be converted to CH,-S-CoM at 
the same rate under both conditions and in a 1:1 
ratio. This reaction required ATP and Mg for 
activation. This work does not exclude the possi- 
bility of a bound corrinoid being an integral part 
of the methyl transferase. 

Using bromoethane sulfonate, Van der Meijden 
et al. [182] have been able to inhibit methyl re- 
ductase activity without altering the methanol HS- 
CoM transferase, thus permitting direct monitor- 
ing of CH,-S-CoM formation from methanol in 


cell-free extracts. This reaction required рге- 
incubation in Н- and Mg-ATP for optimal activ- 
ity. Shapiro [241] has demonstrated this same phe- 
nomenon of activation of the · тећапој-Сом 
transferase by ATP; after activation, ATP can be 
removed without effect. Stimulation by H, 
[182,242] can be replaced in crude extracts by 
pyruvate oxidation to acetyl-CoA, suggesting the 
effect is reduction; however, added NADPH does 
not activate the system. FAD and FMN can par- 
tially inhibit the activation. 

Methyl transferase is inhibited by cyanide, 
azide, dithionite and pyridoxal 5-phosphate [182]. 
This later inhibition is similar to that of diolde- 
hydrase [243] in which а Ву, protein participates. 
A possible role for В), is consistent with the 
findings of Wood et al. [236] and Blaylock and 
Stadtman [106]. 

Shapiro [183] has tried to disprove the involve- 
ment of corrinoids in the methyl transferase from 
methanol in Ms. БағКегі using free [methyl-4C]-B,, 
and [?Н]-СН.ОН. Alkyl-B,; derivatives inhibited 
methyl transfer from Ву, to HS-CoM, but not the 
formation of CH,-S-CoM or CH, from methanol. 
Also, using | НЈСНАОН, [^H]CH,-B,; could not 
be detected, whereas [?H]CH ,-S-CoM was as men- 
tioned in Ref. 183. This agrees with earlier “СО;- 
and '^CH4OH-short-term labelling studies of Mb. 
thermoautotrophicum, Mbr. ruminantium and Ms. 
Бағкет in which no [!*C]CH,-B,, was detected 
[190]. В,, can donate methyl groups to HS-CoM 
for methanogenesis, but this reaction is not essen- 
tial [178]. Addition of alkyl-B,, did not hinder the 
reaction, but instead inhibited the CH,-B,,-HS- 
CoM methyl transferase activity. In the presence 
of excess methanol ([СН.ОН]: [HS-CoM] = 8.6) 
and added labelled CH,-B,,, all the CH4-S-CoM 
was derived from methanol and not СН,-В,;. 

From these data it is clear free corrinoids are 
not involved in the methyl transferase from 
methanol; however, it is possible a tightly bound, 
not freely exchangeable, corrinoid is part of the 
enzyme. Data of Wood et al. [236] support this 
possibility, since the corrinoid isolated in their 
work required ethanol denaturation for release. 

Iodopropane and iodobutane are inhibitors of 
corrinoid mediated methylations. Hydridoco- 
balamins are powerful nucleophiles and react 
rapidly with alkyl halides to give alkyl-cobalamins 
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[183], inhibiting the corrinoid proteins. The 
iodoalkyls did not inhibit methyl transferase activ- 
ity to CH,-B,,, but rather inhibited the methyl 
reductase, а nickel corrinoid (Ёз) protein. This 
evidence indicates an involvement of the Ех di- 
rectly in the transfer of the methyl group of CH,- 
S-CoM to methane. It is also the only evidence 
against the involvement of a hydridocobalamin or 
B,, in the methyl transferase. It is unfortunate that 
Wood et al. [236] did not assay methanol to HS- 
CoM methyl transferase activity with their puri- 
fied protein. 

Recently, Van der Meijden et al. [242] have 
purified an oxygen-sensitive cobalamin protein 
(methanol : 5-hydroxybenzimidazolylcobamide 
methyltransferase) which will accept a methyl 
group from methanol and transfer it to HS-CoM 
via a second, non-corrinoid protein (methyl-5-hy- 
droxybenzimidazolylcobamide : HS-CoM meth- 
yltransferase). Free CH,-5,6-dimethylbenzimida- 
zole-B,, or Нее methylhydroxybenzamidazole-B,, 
can transfer their methyl group to HS-CoM 
through the methylhydroxybenzamidazole- 
В,,: Н5-СоМ methyltransferase. The cobalamin 
protein requires reductive activation with hydro- 
gen and ATP, confirming previous observations in 
crude extract [241,242]. Spectrophotometric and 
'4C-labeling experiments suggest the cobalamin is 
catalytically active during the reaction [244]. 

As for the free СН,-В,,: HS-CoM transferase 
reaction, it could be the reverse of the normal 
reaction (see Fig. 7): B}, is involved as a methyl 
carrier for acetate synthesis [61]. Since enzymes 
transfer methyl from СН,-В,, directly to HS-CoM, 
the methyl-X of the Kenealy and Zeikus model 
[61] may be free CH,-S-CoM, as described in Fig. 
7. 


IIA-4d. Methyl-CoM reductase 

A variety of methanogens can reduce methyl 
CoM to methane in cell-free extracts. This reaction 
is dependent on added Mg: ATP or any of several 
nucleotide triphosphates. ATP is used in catalytic 
amounts; extracts from Mb. thermoautotrophicum 
AH produce 15 CH, per ATP added [102] and 85 
CH,/ АТР in Ms. barkeri [240]. CO, can act as a 
positive effector [98]. 

This activity is fully inhibited by a variety of 
compounds including chloramphenicol, chlo- 
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roform, azide, 2,4-DNP, methyl viologen and 
nitromethane but not by CO, cyanide, nitrous 
oxide or dithionite [102]. These compounds, some 
of which are known to inhibit also methanogenesis 
from H, + CO, (e.g, nitrous oxide) may be of 
great value in blocking the pathway of methano- 
genesis at different sites, thus allowing the build-up 
of methanogenic intermediates. As well, the use of 
dithionite as an electron source for reduction of C, 
units (via Ру о) should be examined. 

The enzyme in this last step of methanogenesis: 


= 
CH,-S-CoM + CH, + HS-CoM (3) 
2H* 


has been purified from the 30000 X g supernatant 
of cell free extracts of Mb. thermoautotrophicum 
[117] (see also Fig. 6). The purified enzyme (com- 
ponent C) is a yellow protein with an absorption 
maximum of 425 nm and a shoulder at 455 nm. It 
is oxygen stable, and has a molecular weight of 
300000 assembled from three different pairs of 
subunits. There are roughly 2 mol Ёз per mol 
enzyme and 1 mol bound CoM per mol £j, [181]. 
This protein may comprise as much as 12% of the 
total cell protein [117]. For activity the methyl 
reductase also requires a source of reducing power 
via hydrogenase (in component A) [103,117,193] 
and an oxygen-labile cofactor of unknown func- 
tion (component B) [103,193,382]. This is the only 
enzyme definitively involved in methanogenesis to 
be purified. 

Recently, component A has been resolved into 
four components by Nagle and Wolfe [193]. There 
are three protein fractions A}, А;, A, and FAD; 
A, contains F,,,-reducing hydrogenase similar to 
that purified by Jacobson et al. [112]. Mg-ATP 
and component B were also required for compo- 
nent С to convert CH,-S-CoM to CH,. Although 
some preparations were stimulated by the addition 
of low levels of Еро, a requirement for this coen- 
zyme was not established. This latter point is 
puzzling in light of the abundance of the 
deazaflavin-reducing hydrogenase [112]. Perhaps 
Еро does not donate electrons at the methyl ге- 
ductase level, but at prior reduction steps? Or, 
perhaps Fj.) is protein-bound in the enzymes? 

NADPH, under N,, served as an electron donor 
for the methylreductase in a crude preparation of 


component C [116]. This enzyme mixture con- 
tained the methyl reductase and NADP-F,,, 
oxidoreductase. In view of the above-discussed 
requirements for А, and А, [193], this preparation 
of component C probably also contained these two 
proteins. 

The purified protein also requires Mg: ATP for 
activity [102]. Assay conditions have been opti- 
mized with respect to ATP and Mg concentra- 
tions, pH and temperature in crude extract sys- 
tems. However, both crude extract and purified 
specific activities are very low (20-170 nmol/ min 
per mg protein) compared to whole-cell methano- 
genesis rates of about 7000 nmol/min per mg 
protein [102,117,193]. In cell-free extracts, drops in 
activity may result from dilution of necessary 
cofactors; alternatively, the reaction conditions are 
either very unfavorable due to the lack of some 
component or condition, or a great deal of the 
enzyme has been damaged during cell breakage or 
manipulation. In view of the requirements for high 
salt concentrations for the hydrogenase of this 
organism [112], the high natural internal salt levels 
(0.78—1.1 M К?) [109,111], and the Ма“ require- 
ment for methanogenesis in whole cells [245,246], 
the ionic strength of the assay media tried to date 
may not be optimal. Since CO, acts as a positive 
effector of this enzyme, it is possible that there are 
other activator sites on the enzyme (e.g., for cell 
carbon intermediates) that may stimulate methyl 
reductase activity. 


IIA-4e. Carbon monoxide dehydrogenase 
Carbon monoxide dehydrogenase catalyzes the 
oxidation of CO: 


CO + H,O > СО, + H, (4) 


(see also Fig. 6). Several aerobes can use CO (in 
the presence of О,) as their sole carbon and en- 
ergy source [247,248]. Pseudomonas carboxy- 
dohydrogena, for example, uses this reaction to 
reduce FAD, which then donates its electrons to 
the respiratory chain at the quinone level [247]. 
The anaerobic acetogenic clostridia can use CO 
[215] as well. Clostridium pasteurianum and C. 
thermoaceticum have nickel-containing CO dehy- 
drogenases [214]; the enzyme from the former 
organism can reduce FAD, FMN, methylene blue 


ог viologen dyes, but not NAD(P). И has recently 
been reported that some clostridia may grow on 
CO [37,249]. Indeed, the acetogenic anaerobes 
Butyribacterium methylotrophicum [250], Acetobac- 
terium woodii [37] and Eubacterium limosum can 
grow well in a 100% CO gas phase [251]. A recent 
review deals more thoroughly with CO metabolism 
[248]. 

Kluyver and Schnellen [70] were the first to 
report methanogenesis from CO (Table IT) in pure 
cultures. More recently, Daniels et al. [59] investi- 
gated this phenomenon with whole cells of 6 
methanogenic species and with both growing cells 
and extracts of Mb. thermoautotrophicum. On CO, 
all cells produced CO, and CH,, and Mb. thermo- 
autotrophicum grew very slowly (approx. 1% of the 
rate seen on H,/CO,). In cell-free extracts, CO 
could reduce Еро and methyl viologen; the K, for 
CO was quite high (more than 1 mM). This en- 
zyme shares properties with that from C. 
pasteurianum: reversable inactivation by cyanide, 
inactivation by mercurials, extreme oxygen sensi- 
tivity and viologen reduction; however, the clostri- 
dial K,, was much lower (5 pM). 

Krzycki et al. recently reported that Ms. barkeri, 
growing on acetate as sole energy source has CO 
dehydrogenase 5-fold higher than when grown on 
H,/CO, or methanol; this activity was not in- 
duced by CO, and was always present [96]. Be- 
cause of this and the high Km it is thought that 
CO mimics an intermediate in acetate metabolism 
to CH,, or in the synthesis of acetate. This is 
supported by the observation that !^CO is specifi- 
cally incorporated into acetate [60,61]; in crude 
extracts, this incorporation is stimulated by В+. 

The activity is also found in methanogens un- 
able to use acetate in methanogenesis, such as Mb. 
thermoautotrophicum AH discussed above [59]. Mb. 
thermoautotrophicum Marburg incorporates “СО 
(іп the presence of H,/CO,) specifically into the 
carboxyl moiety of acetyl CoA [60]. The specific 
activity of the acetyl group was 15% of that of the 
14 СО, indicating that CO is in equilibrium with a 
bound form of carbon at the same oxidation level, 
and not freely exchangeable with atmospheric CO. 

From the above data, it appears that CO dehy- 
drogenase activity results from a CO, reductase 
involved specifically in the transfer of the carboxyl 
in acetyl-CoA, an intermediate of which is in 
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equilibrium with free CO. The CO dehydrogenase 
activity is simply the reversal of the normal reac- 
tion, resulting in formation of Н, + СО,. In Mb. 
thermoautotrophicum the CO is not a preferred 
substrate and its oxidation is probably fortuitous. 


IIA-4f. NADP-F,,, oxidoreductase 

Еро can be reduced by hydrogenase, formate 
dehydrogenase or carbon monoxide dehydro- 
genase (Fig. 6). These reduced equivalents can 
then supply reducing power for CO, reduction 
through the methanogenic and cell-carbon synthe- 
sis pathways. In crude extracts of Mb. thermoauto- 
trophicum [158] К was specifically reduced by 
pyruvate and a-ketoglutarate dehydrogenases; 
NAD, NADP or ferredoxin could not replace Figg. 
These enzymes were measured in the direction of 
reduced Р synthesis, but in whole cells, the 
reactions are in the direction of reductive carboxy- 
lations, using reduced РК. 

Other oxidoreductases in methanogens have re- 
quirements for NADPH or NADH (eg. 
glyceraldehyde-3-phosphate dehydrogenase and 
malate dehydrogenase). While the mechanism of 
NAD reduction is unknown NADP is specifically 
reduced by reduced М in methanogens, using 
NADP-£,4 oxidoreductase. 

The enzyme from Mc. vannielii has been puri- 
fied to homogeneity [153]. This enzyme catalyzes 
the reduction of NADP optimally at a pH of 
about 7.9, and in the opposite direction at a pH 
optimum of about 4.9. The enzyme is optimally 
active at 20°C, and is inactivated by warmer tem- 
peratures. In its active form it is a dimer composed 
of two 43 kDa subunits. Zinc is associated with the 
enzyme and may be a component. The enzyme is 
estimated to be 0.09% of the soluble protein in the 
cell. FAD, FMN, riboflavin or NAD are not ге- 
duced by reduced Е», nor with NADPH. A 
variety of deazaflavins can serve as electron accep- 
tors [252]. 

The МАРР-Е у oxidoreductase from Mb. ther- 
moautotrophicum was partly purified [383]. Maxi- 
mal activities were observed at pH 8-9 (reduced 
Fo > NADP) and pH 5 (NADPH э Ер). The 
temperature optimum was 20?C, and the enzyme 
was also sensitive to warmer temperatures, like 
Мс. vannielit. 
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IIA-4g. Methylene-FAF oxidoreductase 

This enzyme is postulated to be involved in the 
methanogenic pathway, partaking in the reduction 
of formyl-FAF to methylene-FAF [384] (see Fig. 
7). It was used as a catalyst in the spectrophoto- 
metric assay for FAF which has been developed 
by J. Escalante-Semerena. This assay involves the 
chemical reaction of FAF with formaldehyde to 
form methylene FAF, followed by observation at 
340 nm to monitor the formation of formyl-FAF, 
an oxidation that occurs using an unknown elec- 
tron carrier in the enzyme preparation, and results 
in H, production. Aminopterin, a folate analog 
and common folate enzyme inhibitor, inhibits 
methylene-FAF oxidoreductase; this is consistent 
with the idea that FAF (as well as УЕС, 
methanopterin, and F;,,) is а pterin-like com- 
pound. It is interesting to note that (probably 
using this enzyme) formaldehyde oxidation can 
drive methane production from CH,-S-CoM. 


ITA-5, The RPG effect 

R.P. Gunsalus and Wolfe [100] were the first to 
report a stimulation of CO, reduction to methane 
by addition of CH,-S-CoM to cell-free extracts of 
Mb. thermoautotrophicum. This stimulation was de- 
pendent on the presence of catalytic amounts of 
Mg-ATP, in the same manner as the methyl re- 
ductase discussed previously. The rate of methane 
production from CO, is increased 30-fold over 
extracts not supplemented with CH,-S-CoM. This 
stimulation is transient, stopping upon depletion 
of the added CH,-S-CoM; subsequent additions 
reinitiate the stimulation such that CO, reduction 
is proportional to the CH,-S-CoM added. 

Romesser and Wolfe [97,98] have expanded this 
original work, optimizing conditions for maximal 
stimulation, Maximal rates of CH, production in 
H,/CO, incubated cell-free extracts with the addi- 
tion of 500 nmol CH,-S-CoM had specific activi- 
ties of 18 nmol/min per mg protein compared to 
0.65 nmol/min per mg protein without. Yields 
ranged between 2 and 24 CH, рег CH,-S-CoM 
reduced. ATP was required in catalytic amounts: 
17 mol CO, was reduced рег mol ATP added; data 
similar to these are found in the ATP needed for 
methyl reductase activity (15 mol CH,/mol ATP 
[102]. 

Pyruvate, serine, formaldehyde and CH,-CH,- 


S-CoM also induced this effect, ie. transient, 
reinitiable stimulation of CO, reduction, but not 
HS-CoM, other CoM derivatives, lactate, 
methanol, formate, acetate or serine derivatives. 
Romesser [380] also mentions stimulation of CO, 
reduction by oxaloacetate, L-malate, fumarate and 
glyoxalate in cell free extracts, these Krebs cycle 
intermediates giving a ratio of CO, reduced per 
mole carboxylic acid reduced 10-times greater than 
for CH,-S-CoM; thus these compounds are more 
potent in the RPG effect. In dialyzed extract, all 
the above-mentioned stimulants were again effec- 
tive except for L-serine and glyoxalate. It is im- 
portant to note that even though stimulation of 
CO, -> CH, was observed, the phenomenon of 
repeated stimulation has not been reported; this 
experiment has only been described with CH,-S- 
CoM in Mb. thermoautotrophicum [100]. 

Activation of CO, reduction by CH,-S-CoM 
was also tested in undialyzed extracts of other 
methanogens: Mb. bryantii and Msp. hungatei were 
stimulated but not Mb. formicicum, Mbr. 
ruminantium or Ms. barkeri. Mb. bryantii also 
exhibited a stimulation with added serine but not 
pyruvate, acetate or glyoxalate [385]. Other stimu- 
latory compounds were not tested in any of the 
other methanogens. 

From these data, one can derive two classes of 
stimulants: biosynthetic intermediates and CH,-S- 
CoM or CH,-CH,-S-CoM. These different stimu- 
lants may act at two different sites in CO, reduc- 
tion. (1) The Krebs cycle intermediates are possi- 
bly interconvertable such that the addition of one 
may result in formation of the others. It is possible 
that one (a) acts as a positive effector for an 
enzyme involved in one of the first steps of CO, 
reduction or (b) produces a product that can act as 
an effector. Such a stimulation is reasonable, since 
it would indicate to the methanogenic machinery 
that there was much cell carbon, and that the cell 
thus needed more energy. (2) For methanogenesis, 
CH,-S-CoM must be produced, yet its addition 
stimulates CO,-reduction to CH,. Romesser and 
Wolfe [98] suggested that reduction of CH,-S-CoM 
will result in formation of a free radical (-S-CoM) 
such that it will activate an enzyme further up the 
methanogenic path. As СН,-5-СоМ produces 
methane, the radical concentration will rise, first 
increasing CO, -> CH,, then reacting with other 


molecules of the same species, forming CoM-S-S- 
Сом. CO, reduction will then slow down. 

The real reasons for the RPG effect are un- 
known. Further work is needed to compare the 
two classes of effects, and to determine if free 
radicals are involved, e.g., using EPR and radical 
trapping agents. 


ПА-6. Summary of the methanogenesis pathway 

The scheme of methanogenesis described in Fig. 
7 depicts the most recent developments in 
methanogenesis research. The cofactors for most 
of the steps have been identified, although some 
structures are not yet known. The actual reactions 
and enzymes involved have not been studied in 
any detail. The process consists of the binding of 
CO, to CDR (carbon dioxide reduction) factor, 
also called methanofuran, and the transfer of the 
one-carbon unit (after a two electron reduction) to 
FAF (formaldehyde activating factor); FAF car- 
ries the carbon through three oxidation states and 
transfers a methyl group to CoM. Note that Fig. 7 
also indicates the involvement of part of the 
methanogenic pathway in cell-carbon synthesis. 
Reference to the above sections on cofactors and 
enzymes explains this scheme more fully. 

An alternative scheme for methanogenesis has 
been proposed recently [253]; it consists of both 
several features in common with the above scheme 
and of several speculative elements. Some aspects 
of this alternative view, (e.g., a transcarboxylation 
from a lactylpterin carboxyl to yield the carbon in 
methane; the formation of. ethenylpterin and 
acetylpterin intermediates) should be examined ex- 
perimentally, since they are as yet only hypothe- 
sized. 


ПА-7. Cytoplasmic membrane components 

Methanogens, as will be discussed later, are 
expected to conserve energy in the form of a 
transmembrane electrochemical ion gradient for 
performance of useful work (i.e., motility, certain 
active transport mechanisms, ATPase-associated 
АТР synthesis, etc.). For understanding these cells' 
energetics, knowledge about the composition and 
structure of the cytoplasmic membrane is neces- 
sary. 

Interest in archaebacterial lipids has flourished, 
since the discovery of isoprenoid diphytanyl 
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Fig. 7. Overview of methanogenesis carbon path and its rela- 
tion to cell carbon production. СН;-Х, а postulated, unknown 
intermediate between FAF-CH, and methyl-B,.; [CO] indi- 
cates a bound carbon group at the carbon monoxide level; 
CoM, coenzyme М. (A) Path of CO, to СН,; (B) path of 
acetate to CH,; (C) path of methanol to СН,, see text for 
details. 


glycerol diethers (see Fig. 8) in Halobacterium 
[254] and dibiphytanyl diglycerol tetraethers 
[255,256] in Thermoplasma and Sulfolobus. The 
structures of these lipids have been reviewed 
[257,258]. Since not all methanogens contain both 
diether and tetraether types of lipid, this informa- 
tion can be useful in descriptions of new isolates. 
The data are obtained easily by thin-layer chro- 
matography of the lipid fraction subjected to acid 
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methanolysis. Diether lipids account for all of the 
polar lipids of Methanococcus strain PS, Mc. van- 
тей, Ms. barkeri [16], Mtx. soehngeni: [50] and 
Mcc. methylutens [259]. Other methanogens con- 
tain both diether and tetraether lipids, but none 
has yet been reported with exclusively the tetra- 
ether variety. A novel macrocylic alkylglycerol di- 
ether, i.e., a bis(phytanyl) glycerol diether with the 
two phytanyl moieties joined together end-to-end 
to form а Су ring, has been found [260] in Mc. 
jannaschit. This lipid form comprises 95% of the 
polar lipids of this organism. It could not be found 
in the other methanogens surveyed. 

The total lipid of methanogenic bacteria ex- 
tracted by the method of Bligh and Dyer [261] 
accounts for 2-5.5% of the cell dry weight. Of this, 
polar lipids comprise 70-94% [16,262,263]. In Msp. 
hungatei, these are either phosphatidylglycerol, 
diglycosyldiphytanylglycerol diethers or diglyco- 
syldibiphytanyl glycerol tetraethers (see Fig. 8). 
The hexose sugars of these lipids are often of the 
furanose form, and an unusual linkage Gal, (81 
= 6)-В Gal, is found іп one of the two families of 
structures. The orientation in the membrane of the 
carbohydrate moiety is unknown. Ву “C-NMR 


analysis each carbon on the phytanyl chain of 
Msp. hungatei has been assigned as originating 
from either the C-1 or C-2 of acetate and none 
from CO, [264] (see Fig. 8). Completed structures 
of the polar lipids of other methanogens have not 
been presented yet, although it appears from thin- 
layer chromatograms of lipids extracted from 
several different genera that each has ether lipids 
of differing mobilities (Kushwaha, Sprott and 
Kates, unpublished data). The neutral lipids are 
mainly С» (squalene) hydrocarbons, comprising 
6-30% of the total cell lipid (see references men- 
tioned in Refs. 36, 265). A possible role for squa- 
lene in proton regulation has been suggested 
[15,258]. 

How these lipids may alter the cell membrane 
properties and functionality is largely unknown. 
The dimensions of С, lipids appear sufficient to 
span the cytoplasmic membrane, which would re- 
sult in a lipid monolayer rather than a bilayer 
structure [258]. Speculations may be made that 
ether lipids may impart rigidity and stability to 
archaebacterial membranes often exposed to the 
harsh environments of extreme pH, temperature, 
or high salt concentrations. 

The study of the composition of the membranes 
of methanogens has an inherent problem of the 
difficulty of separating cell wall and cytoplasmic 
membrane, since conventional methods do not 
produce spheroplasts. Msp. hungatei can be in- 
duced to form osmotically sensitive spheroplasts 
by treating the cells with dithiothreitol [266]. Fol- 
lowing osmotic lysis of the spheroplasts, Sprott et 
al. [267] were able to isolate and study the chemi- 
cal composition of the cytoplasmic membrane. It 
contains 45--50% protein, 36% glycolipid and lipid, 
and 5-7% non-lipid carbohydrate as galactose, 
glucose, rhamnose and mannose. Potassium repre- 
sents 1.1% of the cytoplasmic membrane dry 
weight, nickel 0.16% and Mg?* 0.04%. Amino acid 
analysis of cytoplasmic membrane proteins reveal 
37% hydrophobic amino acids, 39% neutral and 
24% charged. Low amounts of hydrophilic amino 
acids are characteristic of cell membranes. 

Nickel levels in the cell membrane are surpris- 
ingly high, suggesting their role might be more 
than that of cofactor components. They may also 
be involved in membrane stability as in the case 
for the cell wall of Mb. bryantii [268]. 


ПВ. ATP requirement for methanogenesis 


How methanogenesis results in ATP production 
is the main thrust of this review; the exergonic 
reactions provide the energy necessary for ATP 
formation. As early as 1970, whole cell ATP pro- 
duction was found to be concurrent with methano- 
genesis. However, in the earliest work on cell-free 
extract methanogenesis by Mb. bryantii [104] and 
Ms. barkeri [105] from Н,/ CO, or methanol, ATP 
addition was required for methane production. 
More work [108,240,241] has confirmed these pre- 
vious observations. 

Roberton and Wolfe [269,270] showed that the 
ATP requirement was not stoichiometric with re- 
spect to the CH, produced, and that ATP was 
involved in a preactivation step, since its removal 
using a hexokinase trap (added after preincuba- 
tion) did not alter methanogenic rates. 

Other workers have shown methanogenesis in 
cell-free extracts in the absence of exogenously 
added ATP, using Mb. thermoautotrophicum (Ref. 
380; Sparling, R. and Daniels, L., unpublished 
data) and Mc. thermolithotrophicus [379]. The addi- 
tion of ATP over a certain level can be inhibitory. 
Sauer et al. [86] also demonstrated with Mor. 
ruminantium that methanogenesis in crude extracts 
or washed crude membrane preparations does not 
require added ATP. However, they did show sub- 
stantial endogenous ATP levels (2.4 and 0.11 
nmol/mg protein, respectively) in the prepara- 
tions. Indeed, ATP can be produced in cell-free 
extracts under H, [113]. However, the rate of 
production must be greater than the rate of ATPase 
activity or ATP destruction by chemical processes. 
That hydrolysis of ATP occurs under assay condi- 
tions was demonstrated by Sauer et al. [86]; ATP 
had a Т, of about 23 min at 37°С. In another 
study, the half-life of ATP in soil was less than 1 h 
[271]. Non-enzymatic catalysis in ATP solutions at 
70°C results in ATP hydrolysis with T; „ values of 
6-20 h [272]; enzymatic ATP hydrolysis may be 
much faster [86,113]. The half-life of ATP in 60°C 
methanogenesis assays may thus be quite short; 
this hydrolysis problem makes the examination of 
ATP regeneration systems essential. 

Though some organisms require the addition of 
exogenous ATP for cell-free extract methanogene- 
sis, those that do not still have ATP present en- 
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dogenously. The varying requirements for ATP 
may suggest differences in ATP pool sizes rather 
than demand. Specific methanogenic enzymes in 
all methanogens require ATP for activity: methyl- 
CoM reductase and the methanol-CH,-B,, methyl- 
transferase [102,182,241,273]. 

The last step of methanogenesis, catalyzed by 
methyl CoM reductase (see above) requires cata- 
lytic amounts of ATP for activity when assayed 
using cell-free extracts under H,, and with CH,-S- 
CoM as substrate. This requirement has been found 
in all methanogens examined [102]. In such assays 
the CH,/ATP ratios were determined for Ms. 
barkeri (85 CH,/ATP) and Mb. thermoauto- 
trophicum (15 CH,/ ATP). The purified enzyme 
also requires ATP [117,193]. 

Recently, Shapiro [241] and Van der Meijden et 
al. [182] have shown an ATP requirement by the 
methanol : methyl CoM methyltransferase. In both 
of these enzymes, ATP is only used in catalytic 
amounts. 

The function of ATP in these reactions is not 
clear. There are several explanations of the ATP 
effect: (1) a protein is phosphorylated or adeny- 
lated; (2) ATP acts as an effector; (3) ATP mod- 
ifies cofactors used in the reactions. Data at pre- 
sent do not allow a decision between these possi- 
bilities. However, since methanogenesis is ex- 
ergonic in the cells, and ATP production results 
from it, the rationale for the ATP effect is not 
obvious. 


ПС. Carbon fixation into cell material 


Methanogens cannot only derive energy from 
the production of methane but virtually all of 
them can derive their cell carbon from single 
carbon precursors. The biosynthesis of cell carbon 
has been studied in several genera of methanogens. 
Since methanogenesis and cell carbon biosynthesis 
probably have at least one common intermediate 
(see Fig. 7) a brief discussion of this topic is 
appropriate here. 

Although many of the methanogens are auto- 
trophs, they do not fix CO, by the Calvin cycle 
[60,61,93—-95,190,274—280] unlike most photosyn- 
thetic and chemotrophic organisms. Instead they 
have a modified reversed citric acid cycle as shown 
in Fig. 9. Evidence for this pathway was first 


138 


GHé4 t ООо ACETATE 
PYRUVATE 


Om P E P д 


OXALOACETATE CITRATE 


ASPARTATE 
MALATE ISOCITRATE 





MET 


FUMARATE | AX-KETOGLUTARATE 


C02. В 
s GLUTAMATE 
SUCCINATE” 


CORRINOIDS 
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obtained by one of the authors [386], but further 
work by Zeikus, Weimer, Kenealy, Thauer and 
especially Fuchs has confirmed and extended the 
experimental support for this reaction series. Evi- 
dence for the scheme in Fig. 9 has arisen from the 
lack of Calvin cycle enzymes, lack of Calvin cycle 
“СО, fixation products, short-term and long-term 
labelling with !^CO,, [!^C]acetate and ['*C]suc- 
cinate, and enzyme assays demonstrating the pres- 
ence of the needed enzymes. By assigning com- 
plete labelling patterns for many of the organic 
compounds synthesized during mixotrophic growth 
on CO, and acetate, C-NMR studies have fur- 
ther confirmed and extended information on the 
assimilatory pathways in methanogens [264]. 

The scheme in Fig. 9 is largely complete, but 
the initial production of acetate occurs via a rela- 
tively unstudied reaction series. Present evidence 
suggests а C, +C, condensation. Kenealy and 
Zeikus [61] and Stupperich et al. [60] have recently 
proposed a common intermediate between 
methanogenesis and the methyl group of acetate, 
presenting experimental evidence for the unifica- 
tion of methane and cell-carbon production paths. 
Stupperich et al. [60] have shown that acetate is 
synthesized by С, + C, condensation of carbons 
at different oxidation states; the carbon forming 
the carbonyl group is derived from an inter- 
mediate in equilibrium with carbon monoxide, and 
the carbon forming the methyl group is derived 
from a methanogenic intermediate. A very similar 
method of acetate formation is thought to occur in 


a variety of acetogens [37,215,237,281—284]; fur- 
ther, recent work by Eden and Fuchs suggests the 
method of CO, fixation into cell material is similar 
to that of methanogens [285]. 

The biosynthesis by methanogens of all amino 
acids except isoleucine appears to be the same as 
in typical bacteria (see above) [286]. Three path- 
ways for isoleucine biosynthesis are found among 
the methanogens examined. First, rather than 
threonine serving as an intermediate, acetyl-CoA 
and pyruvate are precursors via the citramalate 
pathway [264,287]. Second, propionate is incorpo- 
rated from the growth medium into a-keto- 
butyrate; thus the C-1 of propionate appears ex- 
clusively in the a-C of isoleucine [288,289]. This 
pathway utilizing propionate and acetate could 
proceed either by reductive carboxylation of pro- 
pionyl-CoA to a-ketobutyrate or through 2-meth- 
ylbutyrate via 2-methylacetoacetyl-CoA [289]. The 
first possibility is the only pathway presented which 
explains the labeling pattern completely [288]. Be- 
cause for maximum assimilation a concentration 
of exogenous propionate in the millimolar range is 
required in Mb. thermoautotrophicum, the existence 
of a carrier-mediated transport system seems un- 
likely [289]. Finally, 2-methylbutyrate is a pre- 
cursor forming isoleucine probably by carboxyla- 


- tion [41,288,289]. In Me. voltae an exogenous 


supply of 2-methylbutyrate substitutes for iso- 
leucine for growth [290] and as expected the 
citramalate pathway from acetyl-CoA and pyru- 
vate is inoperative (Ekiel, I. and Sprott, G.D., 
unpublished data). The three pathways for iso- 
leucine biosynthesis are subject to metabolic con- 
trols, since, for example, 2-methylbutyrate is 
utilized in preference to propionate [288,289]. 
Completed labeling patterns for each pathway, 
including the relative contribution of each to iso- 
leucine biosynthesis, has been measured by '3С- 
NMR methods [288]. The possibility of a carrier- 
mediated transport system for 2-methylbutyrate 
has not been explored. 

Since methane production and cell carbon pro- 
duction are related, so are the growth yields re- 
lated to methanogenesis via ATP production. 


ПР. Y,rp studies 


Quantitative growth studies on methanogens 
have been conducted. A comparative table (Table 


IV) is given, listing the methanogens and their 
growth yields on various substrates. From the 
literature values of growth yields, Усн, (в cell 
produced/ mol CH, produced), we have calcu- 
lated values for the Y,rp (g cells produced/ mol 
ATP) of methanogens. The values for the energy 
available in a given redox reaction (AGO) were 
taken from Table II and the value for the energy 
required to form ATP was taken to be — 37 kJ/ mol 
[76]. We assume a 25% energy efficiency for con- 
version of energy of the reaction into ATP. 

The different labs reporting on the Усн, of the 
same organism gave comparable results (see Table 
IV). YA4» values range from near 1 for Mb. thermo- 
autotrophicum grown under H,/CO, to 7.4 for 
Ms. barkeri on Н,/ СО»; the Ү,тр varying accord- 
ing to the organism under consideration, and not 
much according to the substrate used. (For exam- 
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ple, Ms. has Ү,тр values under H,/CO,, СН;ОН, 
CH,NH,, or CH,COOH of about 8; see Table 
IV.) 

Interestingly, all these values are in general 
lower than the Утр values determined for other 
organisms. Heterotrophs growing on glucose have 
been calculated to have maximal Y,,p values as 
high as 29 [299] and experimental values range 
from 15-24 [76]. Heterotrophic growth on acetate 
yields a calculated Ул of 10-15 and autotrophs 
using the Calvin cycle have a calculated value of 
about 5. In the absence of firm theoretical ATP 
consumption steps in methanogen biosynthesis, 
and, as discussed above, in methanogenesis itself, 
these figures must be interpreted with caution. 

As specified in Table IV, certain of these 
organisms have been grown for these experiments 
in complex medium containing yeast extract and 


QUANTITATIVE GROWTH STUDIES ON SEVERAL METHANOGENS 











Organism Substrate Reference Organic supplement ? Yield Y 
(gcell/mol СН.) (g cell/mol ATP) 

Mb. thermoautotrophicum Н, - CO, [92] none 1.6-3 1.8-3.4 
H, CO, [291] none 06-1.6 0.7-1.8 
H,+C0, [A] none 1.6 1.8 

Mb bryantu H, +С0, [270] 0.2% T+2% rf. 2.4 2.8 

Mb. str AZ Н, CO, [46] 25 2.9 

Mix. soehngenu CH4COOH [292] none 1.1-1.4 4.6—5.9 

Ms. barkeri H, “Со, [93] попе 6.4 7.4 
CH,COOH [9495] 0.2% Т+0.2% YE 1.6-1.9 6.7-8.0 
CH4COOH [108] 11 4.6 
CH,COOH [293] попе 1.8—2.7 7.5 
CH,COOH [294] 0.1-0.5% YE or 0.2% YE+0.2% T 2.8-3.1 11.7-13.0 
CH4COOH [57] 21 88 
СН.ОН [295] 6 8.5 
CH,OH [93] none 6 8.5 
сн;мн, [296] 6 8.5 

МІ. tindarius CH,OH [58] none 41 6.0 

Mb. formicicum H, CO, [234] 0.05% Y Е+ 0.0595 Т 3.5 3.6 
HCOOH [234] 0.05% УЕ+0.05% Т 48 6.0 
HCOOH * [297] none 5.8 7.3 

Coccoid isolate H, +CO, [298] 0.02% YE +0.02% T+10% r.f. 0.9 0.96 


[A], Daniels, L., Ph.D. Thesis, University of Wisconsin, 1978. 
* ҮЕ = yeast extract; T = trypticase; r.f. = rumen fluid. 








> Calculated from 469” values for the reaction, assuming а 25% efficiency for conversion cf the available energy into ATP. 


* Chemostat culture, formate-limited growth. 
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hydrolyzed protein. Although few active transport 
systems have been uncovered for organic mole- 
cules (exceptions are described later), a certain 
amount of cell carbon can come from organic 
molecules penetrating into the cell by passive dif- 
fusion, thus lowering the amount of energy needed 
to build cell mass, and thus rasing the experimen- 
tally observed values for Ү,тр. However, the Y, 
values for Ms. grown with organic supplements 
does not significantly vary from those obtained 
with non-supplemented media [293,294]. 

It is interesting to note that the highest Y, 
values are observed with Ms. barkeri, and Mtx. 
soehngenii; both of these organisms contain cyto- 
chromes (see above). Since it is not known what 
the true efficiency for ATP production from the 
reactions are in each organism, we cannot claim 
that the cytochromes allow more ATP to be pro- 
duced. However, the increased Y44p values suggest 
that (1) more ATP is produced per reaction, or (2) 
the cell carbon-fixation path proceeds with less 
energy consumption. The similarity of the CO,- 
fixation pathways [93—95] suggests that possibility 
(2) is unlikely. Thus, these organisms may extract 
more of the energy available by virtue of a more 
efficient ATP-producing system. 


HE. Scheme of bioenergetic coupling 


Methanogenesis is the reaction causing proton 
flux in methanogens, and for that reason, much of 
the physiology and biochemistry of methane pro- 
duction has been described in the preceding sec- 
tions. This proton flux drives the chemiosmotic 
generation of ATP; however, little is known about 
the actual coupling of ATP synthesis to methano- 
genesis. 

Fig. 10 is a general scheme showing this process 
in its most simplistic terms; a source of electrons 
for the reduction of C-1 units to methane (H, and 
CO, are shown here, but other methanogenic sub- 
strates are also applicable). The following sections 
will describe a variety of experiments ultimately 
aimed at understanding the energy-coupling pro- 
cess. 


III. Energy conservation and use 
ШАА. The protonmotive force (Ap y+) 


According to the chemiosmotic theory 
[300—303], bacterial cells can expel protons from 
their cytosol using the energy derived from the 
hydrolysis of ATP or by using light energy in the 
case of photosynthetic organisms and ћајо- 
bacteria, or oxidation of an electron donor by 
membrane bound respiratory chains. This process 
results in energy conservation in the form of a 
membrane potential, interior negative (Ay), and 
an osmotic component (АрН), inside-alkaline. The 
protonmotive force, expressed in millivolts, is the 
summation of the membrane potential and chemi- 
cal potential: 


Alu» = Ду — ZApH = protonmotive force (5) 
Z=2.3RT/F (6) 
at 35°C, Ag = Ay — 61ApH (7) 


(F is the Faraday constant, R is the gas constant, 
and T is the temperature in Kelvin; À values are 
Xin = Хо [304]. 

While the Mitchellian chemiosmotic theory of 
energy coupling is widely accepted [300—303], the 
degree to which the ejected protons equilibrate 
with bulk phase water is disputed [305—310]. Mea- 
surements of Айн» as a function of the pH of the 
medium have been reported for a wide range of 
microorganisms. We limit ourselves here to studies 
with archaebacteria, and to methanogens utilizing 
H,/ CO, in particular. 

Before determinations of А + are possible, it 
is necessary to select suitable compounds for the 
measurement of internal volume. Recently, it was 
shown for Msp. hungatei, Mb. thermoautotrophicum 
[109], and several other methanogens [111,311] 
that ['*C]glucose provides an excellent non- 
metabolized marker for extracellular volume, ap- 
parently penetrating through the cell wall to the 
cytoplasmic membrane. Either a gravimetric 
method or penetrations of ['^C]urea give compara- 
ble results for the total fluid space (intracellular + 
extracellular). Urea penetrates the cytoplasmic 
membrane without concentration or metabolism in 


all of those methanogens tested [111] Thus, 
ІЗНІшгеа and [/^C]glucose may be mixed with the 
methanogen suspension in a sealed centrifuge 
tube * containing H,/CO,, the cells centrifuged 
at ambient temperatures, and the intracellular 
space in the cell pellet determined as the difference 
in the space occupied by the two labels [109]. This 
same centrifugation methodology, or flow dialysis 
[107], can be used with labelled weak acids or 
bases to provide measurements of internal pH 
[301]. Numerous detailed reviews have appeared 
on the methodology of measuring АрН by these 
methods, or of Ау using permeant cations 
[304,313,314]. 

Methanogenic bacteria are capable of main- 
taining a transmembrane H*-gradient, although 
the intracellular pH is sometimes influenced more 
by the pH of the medium than is the case for 
several eubacteria including Micrococcus 
lysodeikticus [315], Escherichia coli [316,317] and 
Staphylococcus aureus [318]. Another obligate 
anaerobe Clostridium pasteurianum was similar to 
Msp. hungatei in this respect [319,312]. The isopH 
(the pH value at which the internal and external 
РН are equal) was about 6.7 for Mb. thermoauto- 
trophicum [312], spheroplasts of Msp. hungatei [320] 
and Mb. bryantii [321]. Cells of Mb. thermoauto- 
trophicum incubated under H, at pH 7.5 take up 
Н*; the internal pH was later estimated to be pH 
6.6 in medium of pH 8.9 [107]. Quantitatively 
similar estimates of internal pH were obtained 
when several weak acids (5,5-dimethyloxazolidine- 
2,4-dione (DMO), propionate or butyrate) were 
compared [312]. Measurements of ApH (inside- 
acid) using methylamine gives large methylamine 
gradients in Mb. thermoautotrophicum AH relative 
to Msp. hungatei [107,312]. Other workers [107] 
found that the label was released from Mb. ther- 
moautotrophicum when the pH of the medium was 


* Although not commercially available, they may be prepared 
from Corex 15 ml centrifuge tubes by working the top of the 
Corex glass tube into the shape of serum-bottle tops. The 
commonly employed fluted butyl stoppers with metal seals 
are then suitable. Breakage is rare if forces no greater than 
9000 X g are used; stringently anaerobic conditions are main- 
tamed throughout by providing a positive pressure of 
H5/CO, [109,312]. Annealing is avoided, since heating at 
600°С results in frequent breakage upon centrifugation 
(Sprott, G.D., unpublished data). 
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со; CH4 


Бір. 10. Scheme of bioenergetic relationships. This figure em- 
phasizes that a charge separation must occur, ATP is produced 
as a result, and methane is used to remove protons and 
electrons from the system. 


acidified; however, chromatography of the label 
accumulated by these cells indicated that signifi- 
cant metabolism of the methylamine could invali- 
date these calculations of ApH [312]. Doddema et 
al. [113] reported an internal pH of 7.6 in cells of 
Mb. thermoautotrophicum suspended in medium of 
pH 7.5. While it is not entirely clear, these cultures 
may have been killed by air, a condition which in 
Mb. bryanti: dispels ApH (inside-alkaline) [321]. 
Some dispute exists concerning whether 
methanogens develop a membrane potential. Early 
attempts to measure Ду іп Mb. thermoautotrophi- 
cum by TPMP* distribution were not successful, 
and explained by attributing CH, and ATP 
synthesis activities to specialized intracellular 
membranes [107,322], a topic for later discussion. 
More recently, Ау іп Mb. thermoautotrophicum 
(inside negative) was found to be 120-140 mV 
using distributions of TPMP* (іп the presence of 
the hydrophobic counter ion tetraphenylboron) or 
8Rbt (in the presence of valinomycin) [312]. It 
appears that the apparent discrepancy in these 
results can be explained, since Sauer et al. [322] 
did not include tetraphenylboron in their assay. A 
Ау was also observed in Msp. hungatei where 
tetraphenylboron was absolutely required to ob- 
tain TPMP* uptake, although attempts to demon- 
strate Ay by the ®°Rb (in the presence or absence 
of valinomycin) assay were not successful [312]. 
Likewise, valinomycin in the 9Rb* assay with 
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Halobacterium halobium is ineffective [323]. The 
failure of valinomycin to work in Msp. hungatei 
may result from an inability to penetrate the outer 
сей wall, since it functions well in spheroplasts 
[320]. Additional proof for a membrane potential 
(negative inside) in Mb. thermoautotrophicum has 
come from using an electrode, sensitive to TPP* 
[324]. Recently, Ay has been demonstrated іп Mb. 
bryantii using both TPMP* and 96Rb* assays 
[311,321]. The success of the valinomycin-*°Rb* 
method with this methanogen may relate to the 
pronounced cell-wall lesions which occur during 
growth іп S medium [268]. “ҚЫ” rapidly reached 
а steady-state equilibrium; protonophores ог 
gramicidin dissipated Ay. This assay system has 
advantages for further studies of Ay, since, unlike 
the situation with phosphonium cations, only a 
very small amount of nonspecific binding occurs. 
Studies are lacking on the membrane potential in 
other methanogens, and on the means by which 
these organisms establish and maintain Аф. 

Table V summarizes the data currently availa- 
ble on the protonmotive force in methanogens. АП 
three species examined have Ay as the major соп- 
tributor toward the total Ары»; in some cases 
ApH does not contribute in a positive manner. 
There is a decrease in ApH contribution as the 
medium pH rises. The total A#,,+ ranges from 85 
to 150 mV. 

In H. halobium the membrane potential is 


TABLE V 


strongly pH dependent, increasing greatly as the 
external pH is increased from 6 to 8 [325,326]. 

` Thermoplasma acidophila is an archaebacterium 
which is mycoplasma-like and grows optimally at 
59°С and pH 2. A large pH gradient (pH inside of 
6.4—6.9) is passively maintained, partially bal- 
anced by the membrane potential, inside positive 
[327]. In contrast, no large pH-dependent change 
in Ay was found in Mb. thermoautotrophicum [312] 
or Mb. bryantii [321]. Consequently, the decline in 
the chemical potential occurring as the external 
pH was increased resulted in a lowered Айы». 
This finding predicts that those functions directly 
dependent on Дин- may occur best in media more 
acidic than pH 7.0. It would be useful to compare 
Айн» and CH, synthesis in relation to the pH of 
the medium. It is of interest to note that all 
methanogens grown on Н,/СО, may always be 
growing at pH 5.8—6.8, due to the acidification of 
the medium by CO, (Daniels, L. and Belay, N., 
unpublished data), unless proper steps are taken 
during medium preparation. Although the pH op- 
tima for growth have often been reported, seldom 
have the further difficulties been adequately con- 
trolled, i.e., sulfide loss and increased redox poten- 
tials at acidic pH, and of changes in total CO, 
concentrations. 

Although some methanogens are motile [1], no 

studies have been reported on the energetics of 
flagella movement. 


CONTRIBUTIONS TO THE PROTONMOTIVE FORCE IN METHANOGENS: THE IMPORTANCE OF Ay 


Organism pH, pH, 
Mb. thermoautotrophicum 6.8 6.8 
6.5 - ^ 
Mb Буати 5.5 6.6 67 
7.0 7.0 
: 73 71 -1 
Msp. hungatei (spheroplasts) 5.5 6.6 | 67 
6.5 6.5 
7.0 6.5 —31 


а Measured by 86ВЪ accumulation. 
> Measured by TPMP* uptake, in presence of ТРВ“. 
* Measured by TPP* sensitive electrode. 


(61)ApH 
(mV) 


Ay Total proton Ref. 
(mV) motive force 
(mV) 

135 а, 119^ 135 5; 119° 312 
173° 173 324 

92° 159 . 321 
133 "; 103° 133 5; 1037 311, 321 
105° 93 321 
102° 169 320 
108° 108 320 
112° 81 320 


ПІВ. The methanochondrion controversy 


That specialized intracellular vesicles, probably 
formed as invaginations of the cytoplasmic mem- 
brane, could be Ве site of ATP and СН, synthesis 
was first ѕирреѕ ей by Zeikus and Wolfe [69,328]. 
The concept waz tentative, based only on electron 
micrographs of thin sections, but has later been 
expanded by Doddema et al. [231], Spencer et al. 
[88], Sauer et аЁ [107] and Kell et al. [329]. who 
coined the term methanochondrion in analogy to 
the mitochondra of eukaryotes. Although CH, 
synthesis activity from CO, in extracts is раг- 
ticulate and may require the presence of sealed 
membrane vesicks [88,166,322], it has not yet been 
proven that there membranes аге in the form of 
specialized organelles with a Анн. separate from 
that across the cytoplasmic membrane. The 
methanochondri эп concept has proven convenient 
in explaining some biochemical data (reviewed in 
Ref. 329) in Mb. thermoautotrophicum such as un- 
coupler-insensiti ге ATP synthesis [113], the partial 
sensitivities of CH, synthesis found to various 
uncouplers [107]. and the presence in vesicles of an 
ADP/ ATP translocase activity [354,387]. Support 
for specialized mtracellular membranes was ob- 
tained by cytoch zmical staining, suggesting that all 
of the hydrogerase activity in Mb. thermoauto- 
trophicum may be localized on these membranes 
[231]. Those not convinced of the requirement for 
internal membranes in CH, synthesis may ques- 
tion the specificity of such dye-coupled reactions. 
Alternatively, irvaginations of the cytoplasmic 
membrane induced by the handling procedures 
could form a pccket where the reaction product 
would accumula e. Such membrane pockets have 
been observed ir isolated cytoplasmic membrane 
vesicles of Msp. mungatei [267]. 

Recently, the 2lectron microscopic evidence for 
methanochondriz has been thoroughly examined 
[330]. Large internal vesicles often composed of 
several membrane layers are frequent in sections 
of Mb. thermoautotrophicum | [231,328,330,331]. 
Both the strain of methanogen [330,332,333] and 
the conditions of growth [330] markedly influence 
the frequency of sightings. In general, conditions 
allowing for rapid growth including optimal tem- 
perature and increased availability of H,/CO, 
result in the production of increased amounts of 


internal membrane. Such а response suggests а 
role to provide extra membrane for the incorpora- 
tion of additional methanogenic enzymes, rather 
than in providing a specialized role in methano- 
genesis. 

In most other methanogens, there is little elec- 
tron microscopic evidence for methanochondria. 
Thin sections of several mesophilic methanogens 
and freeze fractures of Mb. bryantii showed only a 
low incidence of mesosomes usually located near 
the polar regions or at new division sites. Thus, 
any invaginations of the cytoplasmic membrane 
were similar to the controversial division meso- 
somes of the gram-positive eubacteria [334- 336]. 
The importance of the study by Sprott et al. [330] 
is in showing that several methanogens can gener- 
ate CH, at high rates in the absence of appreciable 
numbers of internal membranes, but their conclu- 
sions did not rule out the presence of such mem- 
branes under certain specific conditions or in dif- 
ferent methanogens. Micrographs of thin sections 
of Mb. brvantii are shown in Fig. 11. illustrating 





Fig. 11. Electron micrographs of Mb. bryantii M.O.H. A typical 
longitudinal section (A) revealing no intracellular membranes 
(IM); in less than 1% of such sections an IM was seen (B). The 
bar represents 0.1 ит. Micrograph A is shown with permission 
from J.R. Colvin; B, with permission from T.J. Beveridge. 
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the typical absence of internal membranes (A) and 
а case (less than 1% of micrographs examined) 
where an internal membrane is seen (B). Internal 
membrane fractions that are purified free from 
cytoplasmic membrane are not available to test the 
issue. In fact, during purification of the cyto- 
plasmic membrane of Мур. hungatei, no bands 
were found in the sucrose gradients which could 
be assigned as internal membranes [267] One 
methanogen in which internal membranes are con- 
sistently found is Ms. vacuolata [337], where the 
structures are known to be gas vacuoles. 

Regardless of the outcome of the methano- 
chondrion controversy, the cytoplasmic membrane 
of methanogens must be an energy-transducing 
membrane; however an alternate view has been 
given [107]. Evidence for energy conservation 
across the cytoplasmic membrane comes from 
studies of Ap. (see preceding section), and of 
active transport systems (described later). Also, 
intracellular K* reaches concentrations in the ey- 
toplasmic space of up to 1.2 M in Mbr. species 
(Table VI). Only a small part of this K^ could 
remain in solution within the relatively small 
volume of the postulated methanochondricn, prev- 
ing that concentration occurs across the cyto- 
plasmic membrane. The data does not aliow any 
conclusion with respect to the K * concentrations 
in the methanochondrion, when present. 


HIC. Transport in methanogens 


Unfortunately, not many studies have been dene 
on the energy requirements of carrier-mediated 
transport systems in methanogens. In part, this 
can be attributed to the narrow range of substrates 
capable of supporting growth, and to the fact that 
the gases Н,, CO,, CO and СН, are expected to 
pass freely through the membrane [243]. We are 
left with the option of studying transport systems 
for ions (ie, K*, РО)”, Mg?*, Ni?*, Со?*, 
Ма”, etc.), vitamins or cofactors. 

The usual substrates supporting growth, such as 
formate, acetate or methylamines, do not require 
specific transport systems because they are weak 
acids and bases which distribute across :he cyto- 
plasmic membrane to give a gradient (in/out) 
according to the ApH. Methylamine can be an 
exception, since carrier mediated transport (pH 


optimum near neutrality) occurs in several N,-fix- 
ing bacteria, via the naturally occurring am- 
monium carrier in Rhizobium sp. Strain 32H1 [345]. 
Moreover, Pseudomonas sp. MA can transport 
short-chain alkylamines independent of the am- 
monium system [346]. At neutral pH, methylamine 
did not concentrate appreciably within cells of 
Msp. hungatei [312], Mb. thermoautotrophicum [312] 
or Mb. bryantii [321]; however, it could be fruitful 
to look for a methylamine transport system in Ms. 
barkeri following growth on methylamine. Often 
compounds which stimulate growth are present in 
rumen fluid [347] or sludge fluid [1]. Unfor- 
tunately, these possible transport substrates are 
unidentified. Prolonged exposures (up to 2 h) of 
Msp. hungatei or Mb. thermoautotrophicum to 
phenylalanine [109] or growth of Mb. thermoauto- 
trophicum with cysteine or serine [388] resulted in 
only small accumulations, as expected for trans- 
port-negative cells. Under some conditions Mb. 
thermoautotrophicum strain Marburg can assimi- 
late high levels of pyruvate [348] and incorporate 
threonine from the medium into protein [287]. 

The first transport system described in a 
methanogen was that of HS-CoM in a strain of 
Mbr. ruminantium which required an exogenous 
supply of the cofactor for growth [179]. Uptake 
required both CO, and H,, was optimal at pH 7.1, 
and showed saturation kinetics. Either HS-CoM or 
СН,-5-СоМ could be transported, but the carrier 
specificity was restricted to a limited range of 
HS-CoM analogues. Metabolism of HS-CoM was 
extensive, but analysis of the pool established that 
Н8-СоМ was concentrated against a gradient. 
Sodium azide, 2,4-dinitrophenol, iodoacetate and 
air inhibited uptake. Further studies with this 
methanogen could be valuable with respect to the 
energetics of HS-CoM transport. No measure- 
ments of Айн. have been reported. 

Methanogenic bacteria require nickel for growth 
[134,349] and have developed an effective means 
of scavenging the trace amounts of exogenous 
nickel normally found in the growth medium. A 
high-affinity active transport system for nickel 
(apparent K m, 3.1 u M) has been described in Mb. 
bryantii [350]. Like the HS-CoM transport system 
[179], for maximum transport rates both CO, and 
H, were required, and air was an inhibitor. How- 
ever, the pH optimum was 4.9 with little activity 


-- 


TABLE УІ : 


INTRACELLULAR АТР, К+ AND Ма“ IN METHANOGENS 


145 





Organism ATP content Ref. 
(nmol/mg protein) 
Mb. thermoautotrophicum 7 338 
1-4 339 
Thermophile МТ! 1-15 339 
Mb bryantu 3-12 338, 321 
2-8 270 ` 
Mb. str. О2К 5 338 
Ms. barkeri MS 3 338 
Msp hungatei ЈЕ 23 338 
Msp hungatei ОР] 20 338 
- 338 
Mbr arboriphilus - - 
Е. сой AN180 17.4 340 
Е сой B Ж 
Halobacterium halobium 2.4 325 


Halobacterium cutirubrum - - 


Halobacterium salinarium - - 





Na** Re, K** Ref, 
(mM) (mM) 
Na, Na, K, K, 
4.2-4.6 12 109 780 ° 14 109 
24-33 14.5 109 1103“ 80 11 
- - - 861 80 111 


80 145 341 277 5 341 
1200 3900 342 3700 4 342 
800 3330 343 5320 40 343 
13704 4000 344 45709 32 344 





a Ма, = Ма“ inside; Na, = Ма“ outside 
>К - К+ inside; K, = К+ outside 


* Differences 1n K, are primarily the result of a smaller intracytoplasmic volume measured in Ref. 111 as opposed to Ref. 109. 


4 Stationary phase cells. 


found at neutral pH or above, suggesting a proba- 
ble nickel limitation of growth at alkaline pH. 
Interestingly, nickel was not taken up as an alter- 
nate substrate of the Mg?* transport system; Со?" 
was the only cation found to compete effectively 
for nickel transport. Once transported, nickel be- 
came distributed among the protein fraction, F430 
and a pool of Ni?*. Large concentration gradients 
of free Ni** (in/out) were achieved. The iono- 
phores gramicidin, nigericin and monensin all 
served as inhibitors of transport. Conditions re- 
sulting in depletion of intracellular ATP (e.g., 
acetylene) [338] or the membrane potential 
(valinomycin + КІСІ) [320,321] had little effect on 
transport, apparently precluding the direct 
involvement of these possible energy sources. An 
artificial transient ApH, established by injection of 
НСІ into а cell suspension incubated in а М, 


atmosphere, caused the concentrative uptake of 
Ni?*. While a model based on these results seemed 
premature, largely because of the unexpected lack 
of inhibition of transport by the protonophore 
CCCP, the transport of Ni?* seemed to be cou- 
pled to an influx of H* [350]. 

Mc. voltae has provided the only system to date 
for amino acid transport studies [351]. Isoleucine 
is concentrated against a gradient via an energy- 
dependent, carrier-mediated system of high affin- 
ity (Km 4.5 pM). Only valine and leucine effec- 
tively compete with [!^C]isoleucine for transport. 
This finding provides the first Na*-dependent 
transport system for study in a methanogen. 

Methanogens are capable of accumulating К+ 
at concentrations well above those in the media 
(Table VI) The wide range of intracellular K+ 
concentrations is especially interesting when com- 


146 


pared to the phylogenetic tree of Fox et al. [8,352]. 
The related Msp. hungatei (strains GP1 and JF1) 
and Ms. barkeri contain similar low K* contents. 
Mbr. arboriphilus and Mbr. smithii, closely related 
to the halophiles on the basis of 16 S rRNA 
sequence data [8] have high K* contents [110,111]. 
Studies of K* transport have not been reported 
for a methanogen. 

An adenine nucleotide (ADP/ ATP) trans- 
locase, not previously reported in a prokaryote 
(except for the parasite Rickettsia [353]), was found 
in membrane vesicles of Mb. thermoautotrophicum. 
Mitochondrial ADP/ ATP translocase inhibitors 
atractyloside and carboxyatractyloside slightly in- 
hibited ATP synthesis, ATP hydrolysis and ADP 
uptake. One of the inhibitors, atractyloside, bound 
to a membrane protein [354]. These results have 
such important implications in arguments favoring 
the methanochondrion concept that extensions to 
this work are essential. 


ПІР, ATPase and ATP synthesis 


While little is known about the mechanism of 
coupling ATP synthesis to CO, reduction in 
methanogens, the current evidence suggests an ab- 
sence of substrate level phosphorylation, and 
synthesis of ATP via an ATPase, coupled directly 
or indirectly to Ан». ATPase activity has been 
found in particulate extracts of Mb. thermoauto- 
trophicum strain АН [113] and detectable much 
lower activities in extracts of Ms. barkeri MS [61], 
Mb. thermoautotrophicum Marburg [227], and Msp. 
һипғаіе [338]. In the latter case, no activity was 
found unless triton X-100 was included in the 
assay. Cryptic ATPase activity in Halobacterium 
saccharovorum was similarly expressed only in the 
presence of Triton X-100 [389]. The failure to 
detect ATPase activity in the absence of detergent 
was attributed to the ‘right-side-out’ orientation of 
the vesicles, so ATP did not reach the ATPase. If a 
similar explanation can apply to the low-ATPase 
activities described above for several methanogens, 
this may indicate that Mb. thermoautotrophicum 
AH is the exception in containing an ADP/ ATP 
translocase function. In the absence of а trans- 
locase the rates of ATP hydrolysis in vesicles should 
reflect the degree to which the vesicles sealed with 
right-side-out orientation. 


Synthesis of ATP is thought to occur according 
to chemiosmotic principles [300]. In cells of Ms. 
barkeri net synthesis of ATP occurred in response 
to an acid pH shift (pH 8.2-2.5), which was 
sensitive to proton conductors and the ATPase 
inhibitor DCCD [355]. Valinomycin induced a 
transient synthesis of ATP through electrogenic 
K* efflux in cells of Mb. thermoautotrophicum; an 
acid pulse also induced ATP synthesis, although 
the kinetics were unusual in showing a lag period 
and synthesis was not subject to inhibition by 
DCCD [113,231]. Further evidence in accord with 
chemiosmotic coupling in ATP synthesis comes 
from the dramatic declines in intracellular ATP 
contents in Msp. hungatei treated with DCCD, and 
in Mb. bryantu treated with gramicidin, nigericin, 
monensin or CCCP (Table УП). 

The correlation found by Roberton and Wolfe 
[270] between the rate of CH, synthesis and the 
level of ATP found in Mb. bryantii, suggested that 
ATP was generated during CH, synthesis. It was 
suggested further that ATP or AMP concentra- 
tions might control CH, production. A recent 
study of membrane іопорһогев in Mb. bryantu 
supports this concept in general, but exceptions 
are noted. Nigericin and monensin (at pH 5.2) 
virtually eliminated CH, synthesis, while ATP 
levels declined only 24 and 59%, respectively [321]. 
In contrast, appropriate concentrations of DCCD 
added to Msp. hungatei caused a marked decline in 
intracellular ATP content without affecting CH, 
synthesis greatly [357]. Apparently, much has yet 
to be learned about the coupling of methanogene- 
sis to ATP synthesis. 


ШЕ. Inhibitors of methanogenesis 


As described previously, the cell-wall and cyto- 
plasmic membrane structures of methanogens dif- 
fer markedly in several important aspects from the 
eubacteria. Consequently, analogies should be 
avoided regarding penetration and mode of action 
of inhibitors and membrane ionophores. In Mb. 
bryantii monensin, normally associated with Na*- 
H* exchange, induced a large efflux of K* [321]; 
see Table VII. Also, the K *-ionophore valinomy- 
cin induced K*-H* exchange in Mb. thermoauto- 
trophicum [322]. Care in using ionophores should 
be exercised with respect to the composition of the 


external medium, since pH, ionic environment and 
reducing conditions can be crucial to observing 
inhibitions. For example, in Mb. thermoauto- 
trophicum monensin was a much more effective 
inhibitor of CH, synthesis in medium of acid pH 
and low Na* content [246]. This effect was con- 
firmed in Mb. Ьгуапїй where monensin was shown 
to dispel ApH at acid pH (inside-alkaline) but to 
dispel ApH at pH 7.6 (inside-acidic) only partially 
[321]. It follows that the different inhibitions of 
CH, synthesis at acidic and alkaline pH do not 
necessarily indicate different mechanisms of en- 
ergy coupling. 

Methanogen media are often reduced with cy- 
steine and Na,$ to obtain the low redox potentials 
associated with growth. The reaction of CCCP 
with thiols [358] renders this protonophore ineffec- 
tive; large inhibitions of CH, synthesis occurred in 
Mb. bryantii only when cysteine was omitted from 
the medium [321]. Other inhibitors may be chemi- 
cally altered, as in the reduction of 2,4-di- 
nitrophenol by Mb. bryantii [270]. The importance 
of inhibitor concentration was illustrated for 
DCCD with Msp. hungatei celis, low concentra- 
tions (20 АМ) specifically inhibited ATP synthesis, 
but high levels (500 uM) inhibited CH, synthesis 
and caused K* efflux [320,357]. A tabulation of 
inhibitors of CH, synthesis and related effects is 
shown in Table VII, and will be discussed further 
in relation to models for CH, and ATP synthesis. 


IIIF. Sodium requirement for CO, respiration 


There are many eubacteria that require Na* 
[359—361] for growth, and, indeed, the majority of 
eubacteria prefer having Na* in the medium for 
optimal growth [362]; it is not surprising that 
methanogens as well would require sodium for 
growth and methanogenesis [245]. It is noteworthy 
that Na* is inhibitory at elevated concentrations 
[363]. 

Perski et al. have found a К „+ for growth and 
methanogenesis of between 0.4 and 1.1 mM, val- 
ues similar to those calculated from Kodama and 
Taniguchi [364] for Pseudomonas stutzeri (Ку, +, 
approx. 1.1 mM). Also the observation by Perksi 
et al. [245] that growth in higher K* concentra- 
tions requires more Na* than in low K* media 
was seen with P. stutzeri [365]. 
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The function of Na* in these cases is not 
known. Three hypotheses may be proposed: (1) it 
is needed for specific enzyme functions; (2) it 
participates in essential symport activities; (3) it is 
involved directly in respiration (note that CO, 
respiration by methanogens is analogous to О, 
respiration by aerobes). The first two hypotheses 
may not explain the interactions of Ма“ and K+. 
Тһе third idea has been further studied in P. 
stutzeri [365]. 

Using Nat-starved cells to which Ма“ was 
then added, Kodama and Taniguchi [365] found 
that activation of respiration and phosphate up- 
take exhibited a sigmoidal kinetic effect; this effect 
was temperature-dependent. In the presence of 
Ма”, respiration is more sensitive to polymyxin В, 
an antibiotic that perturbs the packing of the lipid 
molecules by binding to phosphatidylethanola- 
mine. FCCP [365] and 2,4-dinitrophenol stimu- 
lated respiration of Na* -deficient cells but not of 
cells in the presence of 5 mM Ма“, suggesting that 
Na* is involved in coupling of respiration to 
growth. The polymyxin B data suggest membranes 
are involved, which is also consistent with a respi- 
ration effect. Further experimentation with 
methanogens is necessary to see if any of these 
ideas will apply. One possible explanation (Racker, 
E., personal communication) of Ма“ effects miight 
be that phosphate entry is facilitated. 

Msp. hungatei maintains outwardly directed 
Na* gradients [109]. Their maintenance should be 
either driven by a Na*-H* antiport using a Айн», 
or by direct Na* pumping; neither activity has yet 
been demonstrated. The most common mechanism 
for Na* extrusion is an exchange with Н* [366]. 
Sodium-dependent oxaloacetate decarboxylase 
from Klebsiella aerogenes and methylmalonyl-CoA 
decarboxylase from Micrococcus lactolyticus have 
been implicated as Nat pumps [367,368]. Vibrio 
alginolyticus has an electron transport chain which 
pumps Na* instead of H* at alkaline pH, [369]. 
An Na*-stimulated ATPase activity is linked to 
Ма“ efflux in Mycoplasma mycoides [370], 
Acholeplasma | laidlawii [371] and Streptococcus 
faecalis [372]. 

It therefore appears that Ма“ plays іп 
methanogens no more special a role than in 
eubacteria. The Ма“ effect оп membranes апа 
respiration warrants further study, especially in 
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TABLE УП 


INHIBITORS OF METHANOGENESIS FROM Н, /СО, 





Expected mode 
of action 


Protonophore 


К * ionophore 


Na*/H* 
antiport 


K*/H* 
antiport 


General 
ionophore 


Hydrophobic 
cations 


Electron transport 
inhibitor 
Analogs 


Methanogenesis 
inhibitor 
CCCP 


TCS 


pentachlorophenol 


2,4 dinitrophenol 


FCCP 


valinomycin 


monensin 


nigericin 


gramucidin 


TPMP* 


tetraphenyl 
phosphonium 


tetrabutyl ammonium 


o-phenanthrohne 


bromoethane 
sulfonate and 
chloroethane 
sulfonate 











Test systern Related observations * References 

Mb. bryanui-cells АТР pool declined 270 

Mbr. ruminantium-extracts - 86 

Mb. thermoautotrophicum-cells АТР pool declined 107 

Mb bryantii-cells abolished ApH (inside alkaline); 311, 321 
decline in Ay and ATP pool, 
inhibitions most pronounced 
at pH, acidic 

Msp hungetei-cells and spheroplasts Ay increased 320 

Mb. bryantii-cells Ау dissipated 311 

Mb. bryantit-cells ATP pool declined; 270 
methyl reductase inhibited 273 

Ms. barkert-cells ATP pool declined 355 

Mb. bryantii-cells ATP pool declined; 270 
methyl reductase inhibited 273 

Ms. barker:-cells ATP pool declined 355 

Mb. thermcautotrophicum-cells ATP pool declined 107 

Msp hungatei-cells and spheroplasts - 320 

Mb. bryanti-extracts prevents activation of methyl 273 
reductase by depletion of ATP 

Mb. thermcautotrophicum-cells pH gradient (interior acid) 322 
discharged 

Msp. ћипрсла - + КС), cells drop in СН, 320 

— KCI, cells no change in СН, 
— spheroplasts decrease in Ay 
Mb. thermaautotrophicum — Ма“ , cells drop in CH, 246 
+Na*, cells smaller drop in СН, 246 

Mbr arboriphilus-cells - 246 

Mb. bryantu-cells АТР pool declined; pH gradient 321 
(interior alkaline) abolished; 
K* efflux; Ay increased 

Msp hungatet-cells no effect 320 

Msp. hungatei-spheroplasts K* efflux; dechne Ay 320 

Mb. bryantu-cells АТР pool declined; pH gradient 321 
(inside alkaline) abolished; 
К + efflux; Ay increased 

Msp. hungatei-spheroplasts K* efflux 320 

Mb. bryantii-cells ATP pool declined; K* efflux; 311, 321 
H* influx; decline in Ay 

Mbr. ruminantium-extract presumed decline in Ay 86 

Msp. hungatei-cells and spheroplasts - 320 

Mb. bryantü-cells parallel stimulation or inhibition 311 
of ATP pool and 44 depending оп 
inhibitor concentration 

Mb. ruminantium-extract - 86 

Ms. barkeri-cells presumed to bind to non-heme 355 
iron centers 

Mb. thermoautotrophicum-extracts inhibition of methyl CoM 101 
reductase 


Table VII, continued 











Expected mode Меһапорепеѕіѕ Test system Related observations References 
of action inhibitor 
Bromoethane Ms. barkeri - 108, 180 
sulfonate 
Chlorinated chloroform Mb bryantu-cells ATP pool declined; presumed 270 
hydrocarbons methyl reductase inhibition 
Mb. thermoautotrophicum-cells АТР pool declined; presumed 107 
methyl reductase inhibition 
chloroform, *Methanobacillus - 356 
carbontetrachloride, omehanskn’-extract 
methylene chloride 
Cornnoid 10dopropane Mb thermoautotrophicum-cells growth inhibitor 189 
antagonist Mb. formicicum-cells growth inhibitor 189 
Ms. barkeri-cells growth inhibitor; by-passed 189 


ATPase inhibitor DCCD 


Msp. hungatei-cells 


Detergents deoxycholate Mbr. ruminantium-extract 
Tnton-X-100 Msp hungatei-spheroplasts 
-cells 
Me. thermolithotrophicus-extracts 
Mb. thermoautotrophicum-extracts 
Miscellaneous acetylene All examined methanogens -cells 


air (oxygen) 


All examined methanogens 


if acetate supphed 

АТР pool declined; CH, synthesis 357 
affected only at high concentrations 

- 86 
lysis 320 


no lysis 
b 


b 
АТР pool declined, pH gradient 338 


(inside alkaline) abolished 
inhibits Fj55-linked functions; 1 


-cells and extracts 


destroys component B 





а Unless otherwise stated, all inhibitors caused a drop in methanogenesis. 


b Sparling, В. and Daniels, L., unpublished data. 


light of the similar effects observed in P. stutzeri. 

Two organisms, Mb. thermoautotrophicum [109] 
and Mbr. arboriphilus [390] can accumulate Na* 
against its gradient when Na* concentrations in 
the medium are below 50 mM. The reason for such 
а phenomenon is not yet known. 


Па. Discussion of bioenergetic relationships т 
methanogenesis 


The previous section has dealt with some prob- 
lems that arise in the study of chemiosmotic-en- 
ergy production in methanogens, such as dif- 
ferences of permeability of inhibitors through the 
cell wall, alteration by the reduced environment, 
and unexpected sites of inhibition. А compilation 
of the results of diverse uncouplers and methano- 
genesis inhibitors is given in Table VII. From a 
discussion of such data, we hope to arrive at 
models for the physical arrangement of the 
energy-yielding components of the cell. 


IIIG-1. Proton tonophores 

АП protonophores examined (СССР, TCS, PCP 
and 2,4-DNP) (see Table VII) caused a drop in 
both intracellular ATP levels and methanogenesis. 
The drop in ATP levels through the disruption of 
the transmembrane protonmotive force is the 
expected mode of action; decrease in methanogen- 
esis is probably the result of the methyl reductase 
requirement for ATP, although an additional 
requirement for electrochemical ion gradients is 
possible in reducing the one-carbon unit to for- 
maldehyde [329,76] *. Assuming this last step in 


* The process of methanogenesis is often described as 
1 2 3 4 
СО, > НСООН > HCHO > CHOH  CH,, in which the 
formal free intermediates are used. ДС’ values can be as- 
signed to these two electron steps (1-4: —1.3, +23.4, — 44,8, 
and —112.5 kJ/mol, respectively) [76,329]. However, it 
should be emphasized that the coenzyme-bound inter- 
mediates expected in most or all of these steps will not have 
the same thermodynamics; extrapolation of these formal 
‘values to physiological systems should be done with caution. 
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methanogenesis is the only one requiring ATP, опе 
should see a build-up of methyl-CoM analogous to 
the uncoupling of ATP production and respiration 
in eubacteria. Alternatively, ATP formation may 
be inhibited indirectly; if methyl reductase (or any 
other methanogenic enzyme) is blocked (e.g., by 
2,4-dinitrophenol), no protons are consumed in 
the cell interior by the methanogenesis process, 
and, thus, no H* will come through the ATPase; 
likewise, reduced 5-deazaflavin is not oxidized, 
and the hydrogenase will stop oxidizing hydrogen. 
This is similar to respiratory control in aerobes. 

In these protonophore experiments Ay does not 
drop, implying that it alone is not sufficient for 
ATP synthesis. Those methanogens investigated 
do not show a АрН at neutral pH [107,320]. 
However, acid pulsing of Mb. thermoautotrophicum 
and Ms. barkeri [113,355] has been shown to in- 
duce ATP synthesis. It is likely that most 
methanogens live in slightly acidic environments 
and maintain an inside-basic pH (relative to the 
outside), and use both Ay and ApH to contribute 
to the Ap» (see also Table V). 


ПІС-2. Valinomycin (а К + -ionophore) and К * 

At pH 7.5, cells of Mb. thermoautotrophicum 
AH are interior acid [322]. As noted above, this is 
a pH at which growth is suboptimal. Treatment of 
the cells with valinomycin in the presence of 0.1 М 
KCl causes an efflux of Н* and а drop of 
methanogenesis [322]. This apparent antiport ac- 
tivity is not expected with valinomycin, since it is 
not known to elicit Kt-H* exchange. Such an 
exchange function is also suggested by a lack of 
both CH, inhibition and H* efflux when 0.1 M 
NaCl is used to replace КСЈ. Mb. thermoauto- 
trophicum has a high (0.8-1.1 M) cellular K* 
concentration, and a K* efflux would be expected 
rather than the exchange of extracellular K* with 
cellular H*. The implications of this work are not 
clear to us, but were interpreted by other workers 
[322] to favor the methanochondrion concept. 

The effects of valinomycin and K* on 
methanogenesis by Msp. hungatei whole cells have 
been studied at a physiologically relevant pH of 
6.9 [320]. High medium K* concentrations cause a 
drop in methanogenesis independent of the pres- 
ence of valinomycin. K* may simply enter the 
cells through leaks or via the K* transport carrier, 


thus decreasing Ay. At pH 6.9, Ду is the major 
contributor to the Ары» [320]; see also Table V. 
Alternatively, very high K* may cause a Na* 
efflux, or some similar antagonism toward Na*- 
dependent systems; this is consistent with the Ма* 
requirement for methanogenesis and the observed 
effect of K^ on the levels of Ма“ needed for 
methanogenesis [246]. 

Valinomycin reacts differently with cells and 
spheroplasts of Msp. hungate: (Table УП) [320]. 
However, spheroplast experiments with valinomy- 
cin in medium of low K* concentrations show a 
rapid efflux of K* and a large decrease in 
methanogenesis accompanied by a slight Ay loss; 
this is possibly explained by the potential role of 
valinomycin as a K*-H* antiporter (as discussed 
above), in this case emitting K* and accumulating 
H*. Valinomycin-treated spheroplasts treated in 
high external K* exhibit a collapse in Ay, but not 
in low or moderate K* concentrations; this is 
consistent with its normal use as a K* ionophore. 

With spheroplasts of Msp. hungatei, the cation- 
exchanging ionophores monensin and nigericin and 
the general ionophore gramicidin (at pH 6.9, 47 
mM K*, 13 mM Ма“) all cause a K* efflux, 
resulting in little Ду change. Presumably, а Н+ 
influx occurs, as predicted by their properties with 
other membrane systems, and a drop of the pH, 
occurs. Nigericin and gramicidin caused little Ay 
drop, but about 60-80% drop of the methanogene- 
sis. Monensin experiments with Mb. thermoauto- 
trophicum Marburg at differing pH values has 
revealed that its effect is pH dependent. In both 
high and low extracellular Na* levels, monensin is 
much more effective as an inhibitor of methano- 
genesis at low pH (inhibitions observed at pH 6.0 
and somewhat at 6.7) [246]. The efflux of K* was 
not examined in this latter work, but the marked 
efflux observed from spheroplasts of Msp. hungatei 
[320] and cells of Mb. Бгуапш [321], апа the 
relationships of Na* and K* [245,246] suggest 
that the concentrations of both ions could be 
important. 

An inhibition of methanogenesis by phos- 
phonium cations suggests Ay involvement in 
methane production. However, the true effects of 
the hydrophobic cations on the enzymes them- 
selves (e.g., those of the methanogenic path) are 
not yet known. 


The inhibition of methanogenesis Бу com- 
pounds thought to act principally on enzymes in 
the methanogenic path (for example HS-CoM ana- 
logs and chlorinated hydrocarbons) also cause ATP 
drops (see Table VII). This emphasizes that energy 
generation is coupled to methane production, even 
if another enzyme is responsible for the direct 
generation of a ApH (e.g., hydrogenase) and is not 
inhibited by these compounds. 

Both acetylene and air cause a loss of ApH 
(inside alkaline) [321,338]. These effects were not 
the result of non-specific changes in membrane 
permeability, since Ду persists following exposure 
to either inhibitor. 

The pH values at which methanogens grow 
should be briefly discussed here. Many otherwise 
excellent publications on the isolation or growth of 
methanogens describe pH growth curves or cell 
growth conditions that are in error. Since Н,/ СО, 
atmospheres are commonly used for growth, the 
buffer is often overcome by the production of 
protons upon CO, entry into the medium, with an 
accompanying pH drop (ie, CO, + H,O > 
НСО; + H*). Our unpublished experiments (Be- 
lay, N., Sparling, R. and Daniels, L., unpublished 
data) suggest that many methanogens grow well at 
pH values of 5.5—6.8, but poorly at values above 
7.0. This is consistent with a ApH (alkaline-inside) 
being important in ATP formation. 

Thus, the evidence discussed above with iono- 
phores and inhibitors suggest that both ApH and 
Ay can be important components for ATP synthe- 
sis. Measurements of internal pH in growing cul- 
tures of Msp. hungatei, Mb. thermoautotrophicum 
[312], and Mb. bryantii [321] show that ApH is 
negligible or slight (acidic-inside) in growth media 
of pH 6.8-7.2 (Table V). Hence, under these con- 
ditions of growth, ATP synthesis is expected to be 
driven exclusively by Ду; indeed a close parallel is 
found between the magnitude of Ду and the ATP 
pool size in Mb. bryantii treated with varying 
amounts of tetraphenylphosphonium cation [311]. 
This is consistent with observations that growth 
occurs in media of neutral to slightly basic pH. 

The protonmotive force has not been measured 
yet for a growing culture as a function of a range 
of pH values used for growth. These studies would 
be helpful to measure the capacity of methanogens 
to regulate their cytosolic pH, as opposed to past 
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studies documenting their ability to maintain an 
imposed pH gradient (as shown in Table V). 


ПІН. Models for generation of Ай,» and ATP 
during methanogenesis 


We would like to present here models descrip- 
tive of the possible architecture of the methano- 
genic and energy-coupling enzymes in light of the 
above ionophore studies. These models are neces- 
sarily speculative, incorporating existing knowl- 
edge, but with the intent of stimulating relevant 
experimental design. We accept the principles of 
Mitchell's chemiosmotic hypothesis whereby a sep- 
aration of charge can drive transport and ATP 
synthesis. However, we do not know whether the 
protons are extruded to the ‘outside’ of the mem- 
brane where they are freely exchangeable with the 
external bulk water phase; or if they are not freely 
exchangeable by virtue of association with a space 
near to the outside of the membrane, as proposed 
by Kell [373] and Haines [374]; or by association 
in proton ‘pockets’ and channels, as proposed by 
Williams [305,306]. These three views (variations 
on the same theme) about the physical locations of 
the protons partaking in the protonmotive force 
are described in Fig. 12; these are not mutually 
exclusive. The anionic lipids found in methano- 
gens, although unusual when compared to 
eubacterial lipids, have the necessary anionic prop- 
erties to be involved in proton conductance along 
the membrane surfaces, as proposed by Haines 
[374]. Some recent work on Halobacterium 
halobium suggests that ATP is produced by proton 
pumping, where protons do not enter the bulk 
phase [325]. This may be analogous to some of the 
work on methanogens as discussed below. 

There is indication that either of the last two 
models of transmembrane proton phenomena 
would more easily fit data addressing where the 
‘H’ of methane arises. Though most of the ‘Н’ 
comes from water, 7H, labelling shows too much 
ӘН’ coming from ?H, to account for free equi- 
librium with bulk water by the extruded ?H* 
pumped by the hydrogenase. The data were origi- 
nally interpreted as support for either an enclosed 
membrane (ie, a methanochondrion) or an in- 
vagination open to the bulk water via a narrow 
aperture [88]. We suggest here that these data are 
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Fig. 12. Different perceptions of a transmembrane proton 
gradient. (A) Traditional Mitchell view |300), with clearcut 
separation of protons from membrane, with all protons readily 
exchangeable with bulk water. (B) Kell [373] and Haines [374] 
view, with protons as a thin layer, close to the membrane, not 
readily exchangeable with bulk water. (C) Williams view [306], 
with protons often associated with pools or channels actually 
inside the membrane, and not rapidly exchangeable with bulk 
water. These two latter views suggest that a ApH can thus be 
established either from the surface or within regions of the 
membrane. 


also consistent with the Kell, Haines and Williams 
variations. Phenomena in a variety of other bacteria 
are also consistent with these hypotheses (Refs. 
374,305-307,373 and references therein) Direct 
evidence for these views have not yet been ob- 
tained; this is likely due to the inherent difficulties 
in such experiments. The reader is encouraged to 
consider these three alternate views in reading our 
discussion of transmembrane phenomena, al- 
though we will not extensively deal any further 
with their subtle distinctions. 


ПІН-1. Formation of Ары». Internal membrane 
required (the methanochondrion hypothesis) 

This model incorporates the concept that en- 
ergy generation occurs solely within closed mem- 
brane systems (called methanochondria) in the cell 
cytoplasm [88,113,231,329]. It was proposed that 


the transmembrane Айн» is established between 
the inside of the methanochondrion and the cyto- 
sol (acid in the cytosol, comparatively). ATP would 
be produced inside the vesicles and be transported 
to the cytoplasm through the ATP/ADP trans- 
locase. (Arguments suggesting the methanochond- 
rion space is more acid than the cytoplasm have 
also been given [107]; if this were so, the ATPase 
would be oriented such that ATP would be pro- 
duced in the cytoplasm, and hence there would be 
no need for a translocase.) The first model accounts 
for growth and thus ATP production despite an 
absence of a ApH across the cytoplasmic mem- 
brane under neutral conditions. A diagram of this 
model is given in Fig. 13, and is similar to that 
described previously as a possible explanation of 
deuterium labeling studies discussed above [88]. 

Evidence in the recent thorough electron mi- 
croscopy study by Sprott et al. [330] suggests that 
this model is not likely; many methanogens simply 
lack internal membranes under certian conditions 
of growth. The hypothesized methanochondrion 
should be large enough to be easily seen, since the 
hydrogenase and methanogenic enzymes may 
account for 15-25% of the cell protein [112,117]. 
The redox dye evidence for the exclusive location 
of the hydrogenase on internal membranes, and 
evidence for an ADP-ATP translocase is not strong, 
and has not been examined in any other organism 
besides Mb. thermoautotrophicum. 

Unfortunately, the ionophore and inhibitor 
studies cannot yet provide evidence for or against 
this model. 





Fig 13. The methanochondrion model of methanogenesis. 


IIIH-2. Formation of Айн+. Internal membranes 
not present 


IIIH-2a. Methanogenesis from Н,/ CO, or for- 
mate 

There are two general models (proton pump vs. 
sodium pump) that fit the data оп Н,/СО, ог 
formate grown cells. Since these two substrates are 
metabolized in much the same way, the same 
models will be used for both. 

(i) Hydrogenase as primary proton pump. Ав 
described recently by Sprott et al. [330] internal 
membranes are not a prerequisite for growth of 
methanogens on H,/CO,. The model for this case 
is shown in Fig. 14. Hydrogenase acts as a H* 
pump, creating a pH gradient that drives ATP 
formation. This is supported by acid pulse experi- 
ments on whole cells, where external acid addi- 
tions produced ATP [113,355]. This model also 
includes the possible involvement of a 
K*(Na*)/H* symport, suggested by the obligate 
requirement of Na* for methanogenesis [245,246] 
and the accumulation of Na* above the external 
concentration in Mb. thermoautotrophicum [109] 
and Mbr. arboriphilus [246]. The accumulation of 
K* by symport with protons [323,375] or Na* 
[376,377] has been proposed in other prokaryotes. 
The requirements for Na* or K* may be no 
different than those for ordinary bacteria, as dis- 
cussed above. 


Ht 
He H* 
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Fig. 14. Model of methanogenesis using hydrogenase as a 
proton pump, and with no enclosed membrane systems. 
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А Na*-H* antiporter is included to account 
for the gradient of Na* (inside low) found in Msp. 
hungatei [109]. The apparent Ма“ requirement for 
growth by methanogens in general and the require- 
ment for higher Na* concentrations in the medium 
in the presence of higher K* might be explained if 
the K*-H* symport could also, though with lower 
frequency, take in Na*. This would explain both 
the concentration of Na* by some methanogens 
and the coupling of Ма“ and K* effects. 

(й) Sodium pumping as primary gradient forming 
event. Perski et al. [245,246] have suggested that 
Na* pumping may be the primary event in the 
creation of transmembrane motive force. In Fig. 
15, we describe a model illustrative of this possibil- 
ity. The Др „+ would be responsible for the gener- 
ation of Айн» via а Na*/H* antiporter, and 
would explain the Na* requirement by methano- 
gens and its accumulation by some species. There 
are two possible sites for this pumping: the hydro- 
genase or a component of the methanogenic path- 
way. In the latter case, the reaction could be 
directly coupled to Na* extrusion. 


IIIH-2b. Methanogenesis from acetate 
The production of CH, from acetate by Ms. 


Ho Nat H* H+ 








Fig. 15. Model of methanogenesis using a sodium pump, with 
no enclosed membrane systems. The upper half is one where 
the sodium pump must be on the membrane, while the 
methanogenic pathway can be cytoplasmic. The lower half 
represents a model whereby the methanogenic pathway acts as 
a sodium pump as suggested by Perski et al. [245,246] and must 
therefore be on the membrane; in this case the hydrogenase 
need not be on the membrane. 
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barkeri and Mtx. provides ап example of the sim- 
plest model requirements. Assuming that internal 
membranes are not involved (as discussed above) 
and ignoring the possible role of Na* as an inter- 
mediate in generation of Ар», we can consider 
Fig. 16a to represent the architecture of an acetate- 
using methanogen. (Note, however, that Na* is 
required for methanogenesis from acetate [246].) A 
hydrogenase is not involved; indeed, hydrogenase 
is not found in Ms. TMI, but it grows on acetate 
alone [57]. Acetate is simply split to CO, and CH,, 
the oxidation of the acetate's carboxyl by CO 
dehydrogenase leading to a Ару». This model 
does not require that the methyl reductase be on 
the membrane. As mentioned earlier, cytochromes 
are potentially involved in the oxidation step. АЈ- 
ternate models of methanogenesis from acetate 
have been given by Zehnder and Brock [378] prior 
to the description of the involvement of CO dehy- 
drogenase in acetate metabolism. 


IIIH-2c. Methanogenesis from methanol 

The production of CH, from methanol is simi- 
lar to acetate metabolism. Methanol is oxidized to 
CO,, creating a Aug, possibly using an electron- 
transfer chain composed partly of cytochromes, or 
a reversal of the methanogenic pathway. Produc- 
tion of methane from methanol alone requires 
oxidation of a portion of the substrate to provide 
protons to maintain Aji,,+. There are several possi- 
bilities. (1) The proton pumping mechanism here 
may use cytochromes in some way analogous to 
the aerobic electron transfer chain, using reduced 
Еро produced by reversal of a cytoplasmic CO, 
reduction chain. (2) Another model would require 
part of the methanogenic path to be located on the 
membrane and act as a proton pump; this would 
produce separation of charge and a reduced elec- 
tron carrier, probably К. (3) A third alternative 
would be that a cytoplasmic hydrogenase would 
produce H,, and a membrane-bound hydrogenase 
would split it and create a proton gradient. 

That Ms. barkeri strain TM1 [57] has very weak 
hydrogenase activity (and cannot grow on H,/ 
CO,), but yet grows well on methanol and sug- 
gests that possibility (3) is unlikely. The scheme we 
present (Fig. 16b) does not require either hydro- 
genase or methyl reductase to be on the mem- 
brane. The possibilities that either cytochromes or 
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Fig. 16. Models of methanogenesis using a proton pump and 
substrates other than H, + CO, or formate. (А) Methanogene- 
sıs from acetate; (B) methanogenesis from methanol; (C) 
methanogenesis from H, + methanol, but not methanol alone. 


part of the methanogenic pathway are on the 
membrane appear to be most likely; these ideas 
are, however, as yet speculative. 


IIIH-2d. Methanogenesis from H, + CH,OH, but 
not from methanol alone 

The organism growing only on these two sub- 
strates together [56] provides an interesting exam- 
ple of cooperation between the methyl reductase 
and hydrogenase. Fig. 16с shows that there is no 
need for cytochromes, and that hydrogenase can 
establish the Ap,,« and provide electrons for the 
methyl reductase. 


ШІ I. Cautions оп methanogen diversity 


As seen above, energy-conservation models can 
take on different architectures depending on the 
methanogen studied. Through this review, we have 
seen how diverse the methanogens are. That 
metabolic features may vary significantly between 
methanogens only reflects the phylogenetic diver- 
sity within the group; for example, 16 S rRNA 
sequencing information suggests that the different 
orders of methanogens are as related to one another 
as Bacillus sp. are to enterics or cyanobacteria [36]. 
With such phylogenetic diversity, it is only normal 
that there be variations between organisms in even 
the most intrinsic of pathways of methanogenesis 
and cell carbon synthesis, such that results from 
work on one methanogen will not always be appli- 
cable to another. 


IV. Summary 


The reduction of CO, or any other methano- 
genic substrate to methane serves the same func- 
tion as the reduction of oxygen, nitrate or sulfate 
to more reduced products. These exergonic reac- 
tions are coupled to the production of usable 
energy generated through a charge separation and 
a protonmotive-force-driven ATPase. 

For the understanding of how methanogens 
derive energy from C-1 unit reduction one must 
study the biochemistry of the chemical reactions 
involved and how these are coupled to the produc- 
tion of a charge separation and subsequent elec- 
tron transport phosphorylation. 

Data on methanogenesis by a variety of 
organisms indicates ubiquitous use of CH,-S-CoM 
as the final electron acceptor in the production of 
methane through the methyl CoM reductase and 
of 5-deazaflavin as a primary source of reducing 
equivalents. Three known enzymes serve as cata- 
lysts in the production of reduced 5-deazaflavin: 
hydrogenase, formate dehydrogenase and CO de- 
hydrogenase. АП three are potential candidates for 
proton pumps. In the organisms that must oxidize 
some of their substrate to obtain electrons for the 
reduction of another portion of the substrate to 
methane (e.g, those using formate, methanol or 
acetate), the latter two enzymes may operate in the 
oxidizing direction. CO, is the most frequent sub- 
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strate for methanogenesis but is the only substrate 
that obligately requires the presence of Н, and 
hydrogenase. 

Growth on methanol requires a B,,-containing 
methanol-CoM methyl transferase and does not 
necessarily need any other methanogenic enzymes 
besides the methyl-CoM reductase system when 
hydrogenase is present. When bacteria grow on 
methanol alone it is not yet clear if they get their 
reducing equivalents from a reversal of methano- 
genic enzymes, thus oxidizing methyl groups to 
CO,. An alternative (since these and acetate- 
catabolizing methanogens possess cytochrome 5) 
is electron transport and possible proton pumping 
via a cytochrome-containing electron transport 
chain. 

Several of the actual components of the 
methanogenic pathway from CO, have been char- 
acterized. Methanofuran is apparently the first 
carbon-carrying cofactor in the pathway, forming 
carboxy-methanofuran. Formyl-FAF or formyl- 
methanopterin (YFC, a very rapidly labelled com- 
pound during !^C pulse labeling) has been im- 
plicated as an obligate intermediate іп methano- 
genesis, since methanopterin or FAF is an essen- 
tial component of the carbon dioxide reducing 
factor in dialyzed extract methanogenesis. FAF 
also carries the carbon at the methylene and methyl 
oxidation levels. Methyl-CoM is involved in the 
final enzymatic step in methanogenesis, a reaction 
catalyzed by the Ni-corrinoid (7F44)-containing 
methyl reductase. 

CO dehydrogenase, implicated in methanogene- 
sis from both CO and acetate, is actually a catalyst 
in the pathway of C-1 + C-1 condensation to form 
acetate. This reaction is a key step in the bio- 
synthesis of C ell material. 

The only enzymes required to be on the mem- 
brane of the methanogens are those acting as 
proton pumps. All others could be cytoplasmic, 
although the complexity of, for example, the methyl 
reductase, and the low methanogenic rates in cell 
free extracts, imply close association of the differ- 
ent components. 

The relationship of these enzymes to the main- 
tenance of chemiosmotic gradients and electron 
transport phosphorylation has been studied with 
ionophores and other uncouplers and inhibitors. 
Such inhibitor work has been problematic for 
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several reasons: the reduced environments found 
in suspensions of methanogens affect 10nophores 
and inhibitors (e.g., CCCP); some (e.g., 2,4-di- 
nitrophenol) act as enzyme inhibitors. 

Protonophores cause a drop in intracellular ATP 
and also reduce the rate of methanogenesis, proba- 
bly due to the ATP requirement for methanogene- 
sis. Valinomycin, in high external K* caused a 
disruption of Ay, as well as stopping methanogen- 
esis; once again, the effect on methane production 
may be via ATP levels. Work with monensin and 
the Na* requirement for growth of methanogens 
suggest Na* is somehow involved in methanogen- 
esis, but the site of action is not known. 

The ionophore and inhibitor work to date sug- 
gest a ApH-driven ATPase at external acid pH; 
energy can also be conserved as Ay, becoming 
more important particularly at external pH values 
larger than 6.8. In most cases there is substantial 
inhibition of methanogen growth at alkaline pH, 
perhaps largely due to loss of the chemical poten- 
tial (inside alkaline). The contribution of mem- 
brane surface layer protons and intramembrane 
protons (as proposed by Kell, D.B., Haines, T.H. 
and Williams, R.J.P., see Refs. 373, 374, 305 апа 
306) should be considered as alternatives to the 
simpler *in' or *out' proton gradient models; these, 
however, are simply extensions of the Mitchellian 
hypothesis. 

We disagree with the necessity for a 
methanochondrion as sole site of electron-trans- 
port driven ATP synthesis, since the frequency of 
electron microscopy sightings of such internal 
vesicles can be of a rarity such that they could not 
be in all cells of a growing culture. Evidence for 
methanochondria as obligatory organelles for СН. 
synthesis (e.g., ATP/ADP translocase, or hydro- 
genase stains in electron microscopy) is not com- 
pelling. This does not exclude a role for intracy- 
toplasmic membrane to provide the membrane 
surface area (additional to the cytoplasmic mem- 
branes) needed for increased rates of methanogen- 
esis during rapid growth. The true role of these 
structures has yet to be determined. 

Our preferred model for the physical arrange- 
ment of energy-producing proteins for CO, respir- 
ing methanogens is one with a proton pumping 
hydrogenase, providing the electrochemical ion 
gradients required to perform essential functions 


including ATP synthesis. Although evidence for a 
Mitchellian transmembrane gradient is good, there 
is merit in models that involve a proton layer or 
pool that is not in equilibrium with bulk phase 
water. ATP production is coupled to the methano- 
genic enzymes which could be cytoplasmic, but 
which are most likely aggregated and membrane 
associated. There are, however, many unsolved 
problems remaining for a complete understanding 
of the bioenergetics of the methanogens. 
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The инс operon has also been renamed the atp operon. This 
name has a number of advantages; for instance, mutations in 
gene 1 are not uncoupled. This may also apply to mutations in 
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the 6 subunit, since no mutants іп the gene for this subunit 
have been detected by lack of growth on succinate. The alterna- 
tive name pap has also been suggested. However, despite its 
limitations, unc is widely recognised, and so for historical 
reasons we have preferred it in this review. Where possible, we 
have attempted to avoid the use of uncB, etc. to describe the 
genes, preferring to use terms such аз 'the gene for the В 
subunit’ as this causes fewer difficulties of understanding to the 
non-specialist іп this area. 
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I. Introduction 


Bacterial proton translocating ATP-synthase 
couples the electrochemical potential difference 
for H* across the cytoplasmic membrane to 
synthesis of ATP from ADP and P, [1,2]. It also 
functions in the reverse direction by coupling hy- 
drolysis of ATP to proton translocation across the 
membrane in the outward direction, thereby gen- 
erating an electrochemical membrane potential es- 
sential for driving other cellular functions (е.р., 
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Fig. 1. Arrangement of subunits in the Æ. сой H*-ATPase 
complex: (adapted from Ref. 86) 6 and = are both required for 
binding а, B, y to Fp [125]. 6 interacts with the N-terminal 
region of « [90]. Subunit b provides a highly charged mem- 
brane-bound a-helical structure to which F, may bind ма iomc 
interactions [24,35,83]. Both a and c are essential components 
of the proton channel [118] (dashed) through the lipid bilayer 
(hatched). The number of copies of a, b and c in the complex is 
not firmly established but may be 1a:2b:10c [4,5]. 
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transport and motility). The enzyme is bound to 
the inner membrane of Escherichia coli. As de- 
picted in Fig. 1, it is made of two sectors, com- 
monly called Е, and К. Е, is an ATPase. It is оп 
the cytoplasmic surface of the membrane, from 
which it can be easily dislodged. F,, the membrane 
sector, contains a transmembrane proton channel. 
Е, is composed of five different polypeptides о, В, 
y, 8 and = assembled with stoichiometries of 
За:3В:1ү:16:1 [3,4]. Е comprises three pro- 
teins, a, b and c. А range of stoichiometries has 
been proposed (see Ref. 4). A recent estimate is 
1a:2b:10c [5]. 

Mitochondria and chloroplasts also contain 
proton-translocating ЕЕ ATP-synthases with 
many structural features in common with the 
bacterial enzyme (for reviews see Refs. 6-8). How- 
ever, the mitochondrial enzyme is more complex 
than the bacterial one. A number of extra subunits 
have been characterised; a protein inhibitor binds 
to the F, portion and at least two extra subunits 
are associated with F,, the oligomycin sensitivity 
conferral protein (oscp) [9-12] and factor 6 (E) 
[13]. The genetics of the E. coli enzyme have been 
investigated for more than a decade (for recent 
accounts see Gibson [14,15] and Fillingame [4]). 
Mutants with defects in the enzyme have been 
selected by lack of growth on nonfermentable 
carbon sources such as succinate. Some 40% re- 
spire normally but are unable to couple oxidation 
of respiratory substrates to phosphorylation. They 
are uncoupled and the phenotype has been called 
unc. All mutants mapped at around 83 min be- 
tween the loci bg/R and asn оп the linkage map of 
E. coli [16]. Seven complementation groups A, B, 
C, D, E, F and G were defined. By complementa- 
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tion analysis of ипс mutants induced by 
bacteriophage Mu17, the known unc genes were 
proposed to be in a single transcriptional unit (or 
operon) read in the order B(E, F)JAGDC in the 
direction asn о Бр! [14,15,17]. Gene-product rela- 
tionships have been established for uncB = A, 
uncA = a, uncG = ү, uncD = В and ипсС = е 
[14,15,18,19]. 

In the course of studies of the origin of replica- 
tion oriC of E. coli, a A-transducing phage А.Азл5 
was isolated that contained a region of the bacterial 
chromosome including the unc locus [20]. Restric- 
tion analysis of this region was performed by a 
number of workers [21,22]. This has enabled re- 
striction fragments from the unc locus to be cloned 
into plasmids and into bacteriophage M13 [23—25] 
and has facilitated the DNA sequence analysis of 
this part of the bacterial chromosome. 

This review describes the DNA. sequence of the 
unc operon and its interpretation. It discusses how 
the major features of the operon (the promoter, 
the genes) have been identified and how the op- 
eron may be regulated. The protein sequences of 
the individual proteins are examined in detail and 
provide many clues to the structure and function 
of the enzyme complex. 


(a) Asn 5 


II. Nucleotide sequence 


А key to the rapid determination of the DNA 
sequence of the unc operon was the availability of 
а transducing phage А Аѕп5 containing а segment 
of about 30 kb of the E. coli chromosome includ- 
ing the unc locus (Fig. 2). Restriction analysis 
coupled with genetic analysis had indicated that 
the operon would lie at least in part in two adjac- 
ent EcoRI fragments К, and R,, 2.5 and 4.5 kb in 
length, respectively. These fragments were re- 
cloned, giving rise to plasmids pNR, and pNR,, 
and sequenced by the combined M13 cloning dide- 
oxy DNA sequencing method [23—25]. Other rele- 
vant fragments of A Asn5 were cloned directly into 
M13 and similarly sequenced. These experiments 
are summarised in Fig. 2c. Parts of sequence have 
also been sequenced independently by the chemi- 
cal sequencing method. The sequence of Nielsen et 
al. [26] covering bases 870-3370 (Fig. 3) agrees 
exactly with that presented here. Futai and co- 
workers [27—31] have presented sequences covering 
most of the operon. Major discrepancies have been 
noted, particularly in the regions of gene 1, protein 
a, in the y subunit and between a and y genes. In 
the first two, Futai has published revised se- 
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Fig. 2. Genetic and physical maps of the E. colt chromosome in the vicimity of the unc operon. (a) The extent of the E coli 
chromosome (hatched) in ÀAsn5 showing genetic markers. The scale is in kilobases. (b) Restriction map of part of this region redrawn 
from Ref. 85. Arrows denote restriction sites for BamHI, EcoRI (v) and HindIII (Q). (c) Alignment of EcoRI fragments R; and К, 
and primary fragments used for sequence analysis in clones mp3: NH4, mp7-NB4 and mp3: NH1.5 (d) Alignment of the nine genes 
of the unc operon with restriction map. Transcription is from left to right. 
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А 


канкі ж 
AAAGCAAATAAAATTTAATTTTTATCAAAAARATCATAAAAAATI GALCGGTTAGAGTG) TRACAACAACCAGUT111CTACTGATATAAC TGG ГГАСАТТ FAACGUCACGTTCACTCTO 
10 20 30 40 50 60 70 80 90 100 110 120 


TTGCATCAACAAGATAACGTGGCTTTTITTGGTAAGCAGAAAATAAGTGAT1ADTGAAAATATCAGTCTDCTAAAAATCGGEGCTAAGAACCA ICA CTGGCTOTTAAAACATTOTTAAAA 
130 140 150 160 170 180 190 200 210 220 230 240 


АТОТСААТ606Т00ТТТТТ6ТТ8Т01АААТОТСАТ ТТАТТААААСАСТА1 СТСТ1 TT TAGAGCT GARATAICALABACT TGCAAAGGCATCATTTGCCAAGT ИВАТАААТАГ A) 916660 


250 260 270 280 290 700 310 320 330 340 350 360 
бААСАТбСОСААТАТЕТВАТСТВААБСАСЬСТТТА  САССАБТВТТТАС АСТ TA? TTACABTTTTICATIBAT CGAACAGOGI 1 АОСАСАЛААСТ ОЕ CA 16161 6CA C1 БАЛАДА ГА 
370 380 390 400 410 420 430 440 450 460 470 480 
Вс І 
TINAAACATTTATTCACCTTTTGGCTAC T TATITGTTIGARATGCAK ӨӨӨ С GLAL С ОТАТААТ р басо сл ETTTGATGCTTGACTCTAAGC C Y16AAGA RAO [1714 TACGACPCOCG 
490 500 510 520 330 $40 550 560 570 580 590 600 
GENE 1 


M ком у M 8 U 8 ө & R NV AR KLE I V GL IL UV UV іа s BLL F 


GCATACCTCGAAGGÜAdCauGAG fGAAAAACGTGATGTCTGTGTCGCTCGTGAGTCGAAACO CTGC ICGGAAGL TTC ГС TCGT TAG LAC TGG TG TGA fAGCAAGTBBATTSCTGTT 


610 620 630 640 650 660 670 680 690 700 710 720 

5 L К ОР ҒЫ 6 V" 5 А I S 6 GL a У Р | F WN V |. F H 1 F A W RK H Q A H І P A K а 
CAGCCTCAAAGACCCC ГТС Г9606С01 С ГСТВСАА TAAGCOGGBOCCTGGCAGICTTICTGCCTAACOET (TGITIALGALATTTSECCTOGCE ГСАССАВВСОСАТАСАССАВСВАААБС 
730 740 750 760 770 780 770 воо 810 B20 B30 R40 

h U А W T F A F G@ F A F K VE A KL УИ 1. V V AL А У [| К А У F L P 1 Y V T ы V 
CCGGGTGGCCTGGACATTCGCATTTGGCGAAGCTTTCAAAGI TCTGGLGATETIGGTGTTAC T6G1661 6606 I TEBCGBTTTTAAAGGCGGTATTCTIGCCGC TDATCGTTACGTGGBT 
B50 860 870 880 890 900 910 920 930 940 950 960 

ATPase 6 or a 


M å 5 E N H T F ОПУ J G HH L NH ОН L 
L У с V V @ IL A P A V I N МК GHY 
TTTGGTGCTGGTGBGTTCAGATACIGGCACCGGCTGTAATTAACAACAAAGGGTAARAGGICATUI A TGGCTTCAGAA AA TATGACGCCGCAGGATTACATAGGACACCACCTGAATAACCTT 


970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080 

@ L D | RTF S 1 VW P ü N P F AT F Ы T I H 1 Bh 8 M F F 8 U UV t G | | F tL V с 
CAGC [GGACC (GCG1ACATTCTCGCTGGTGBATCCACAAAACCCCCCAGULCACCT [CTGGACAA ГСААТАГЕбАСГССА ГОТТСТТС ГС661 66 ГБС (GGG CCEGTTGTTCCTGGTTTTA 
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 


F К 5 УА К К А Т S 8 VF G К F ü T AY E L UV 1 G F V NH G 8 V K DH ҮН GK S K 
TTCCGTAGCGTAGCCAAAA^AGGC БАСС AGCGGT8T6CCAGGTAAGTTTCAGACCBCGATIDAGCTGGTGATCBGC11TG116AT6GTAGCG1G6^5AGACA ГО (AC CATGGCAAAAGCAAG 
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320 


L I АР (С AL T I F V W V ЕС H N L MH ПІ L Р I n L i| P Y YA E H UL G L P ^ | 
CTGA(TGCTCCGCLGGECCTGACGAFCTTGCGTC1GGG ГАТГССТВА 1 ВААСС ГОА 1 ОбАТ ГАС IGCC TATGGACCTGCTGCCBTACATTGCFTGAACATG CACTGGGTCTGCCTGCACTG 
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440 


R V V F S A DU N UV TL S8 M A (с 6 V F I L I | F у 8 i NK MK G8 1 568 F Т KELT 
CG(GfGGTTCCBTCTGCGGACGTBGAACBTAACGCTGTCTATGGCACTGGGCGIATITIATCCIGATTCfGÉ FCCTACAGCATLARAATGAAAGGCATCGGUISGUT (CACGAAAGAGTTGACG 


1450 1460 1470 1480 1490 1500 1510 1:20 1530 1540 1550 1560 
а P F N Н W AF JT РИК: Tt E G UV 811 5 K P UV 8 Lt 01 FL F BOR H Y А BE 
CTGCAGCCGTTCAATCACTGGGCG1 TCATTCCTGTCAACTTAATCCYITGAAGGGGTAAGCCYG6C10 TCCAAACCAGTTICACTCGBTTTGCGACTGTTCBGTAACATGTATGUCGGTGAG 
1570 1580 1590 1600 1610 1620 1630 1540 1650 1660 1670 1680 


L I F I L I A Сб: L P W W, S 0 V I L N UP W А I F H IL I I FL R@ A F I F MH V L 
CTGATTTTCATTCTGATTGCTGGYC TGTTGC С6Т661 GGTCAC ABTGGATCCTGAAT G1GCCG168GCCA FTT ICCACA ГСС БАГА TTA4CGCTRCAAGCCTTCATCTTCATGGTTCTG 
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800 


TIU у 1 S HA БЕЕН X PROTEOLIPID or c 


M E N L N H DL L Y M а 
ACGATCOTCTATCTGTCGATGGCG1 LTGAAGAACAT TAATTTACCAAGAL TAC TAL GT11 ТААС GAAACAAAC ТССАЦАС 6 ICA FEEAAAACCTGAATATGGATE TGCTGTACATGGC 
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920 


A A V H MH б L А А 1 GA А I б I 5114 6 GC K F 1 E G А А К Q P DL ІРІ L RT О 
TGCCGCTGTGATGATGGGTCTGGCGGCAATCGGTGCTGCGATCGGTATCGGCATCCTCOGGGG ГАЛА ITCUTGGAAGGCGCAGCGUG TCAGCCTGA LCTGATTCCTCTGCTGCGTACTCA 
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 


Fig. 3. Nucleotide sequence of the unc орегоп. The sequence is that described in the text it differs from this sequence іп one position; 
an additional c residue is added at nucleotide 7492. The numerous discrepancies between this and those described by Futai and 
colleagues [27—33] have been annotated in Ref. 34 with experimental evidence in each case to support the sequence described here. 
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quences, now іп broad agreement with those pre- been annotated, and detailed experimental data 
sented here [32,33]. although many minor, single for each difference has been presented that justify 
base differences still exist. These differences have the sequence in Fig. 3 [34]. The sequence in this 


B 


F F I V M ва V DAY PM tT AY Ge G L Y Ун Р А УВ 
GTTCTTTATCGTTATGGGTCTGGl1GGATGCTATCCCBATGATCGCTOTAGGTCIGGGTCTGTACGTGATGTTCGCTBTCGCGTAGTAAGCGTTGUTTTTATTTAAAGAGCAATATCAGAA 
2050 2060 2070 2080 2090 ?100 2110 2120 2130 2140 2150 2160 


[V Nt Nw à T 1 L 6 a A I A F UV L F V L F C NH к Y V M PRL HAA 


CGITAACTAAATAGAOHCATTGTGCTUTGAATCTTAACGCAACAATCCTCGGECAOGCCATCGUGT ГТО TCCTO ГТС ГТСТОТ ГСТОСА TBAAD T'ACOTATGGCCUCCAT 'AATGGCAG 
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280 





I E K R @ KE IA D б L à 8 А E R A H K Il 1 BL А К A 5 А T па L K K А К А E A 
CCATCGAAAAACGTCAAAAAGAAATTGCTGACGGCC f TGCTTCCGCAGAACGAGUACAT^AGGACCTTGACC f TGCAAAGGCCAGEGCGACCGACCAGCTGAAAAAAGCGAAAGCGOAAG 
2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400 


8 V I I E @ A N К К R 8 0114 n EF А K А E A E & E RF 1 K I V à @ А H А E ТЕЛЕ 
CCCAGGTAATCATCGAGCAGGCGAACAAGACGCCBCTCGCAGATTCTGGACGAAGCGAAAGCTGAGGCABAACADGAACGTACTAAAATCOTR&GCECAGGOCBCABGUBGAAn TI GAAGCCG 
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520 


R KR А К E E L R K @ А I LAV А B А ЕК I І ЕК 5 UV D F А А N SF HWY V ок 
AGBCETAAACG [BCE CETHAAGAGC TECGTAAGCAAGT TGCTATCCTGGCTGTTIGCTGOCGCCGAGAAGATCATCOAACGT TCCGTGGATGAAGC C(GCTAACAGCGACATCGTGGATAAAC 
2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640 


DELTA 


[n s € F 1 T V à R F Y à кл а F D F à V E H ав у E K V 0 D 
V A E t t 


TTGTCGCTGAACTGTAAGGAGBOAGSSGCTBATO! CTGAATTTAYTALGBGTADCTCGGLCCCYACO6CCAAABCADUTT TI GALTTTGCCBTCBAACACCAAAGTUTAGAACOCTOGCAGGA 
2650 2660 2570 2680 2890 2790 2710 2720 2730 2740 2750 2750 


M L А РК А ЕУ Т K NE @ M&M А Е LL & G6 A L A P F TL A&E S&S ЕТА УС 6 E AL D 
CATBUTGGCG IT FGCCBCCBAGGTAACCAAAAACGAAGCAAAT AGCAGAGCTTC IC TU FGGCGCEC TGCGCCAGAAACGCTCGUCGAGTCGTTTATCBSCAGTTTGTGGTGAGCAACTGGA 
2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880 


E N G RNL I К V H A Е Н б R LN A L P D УІ Р @ F I Hi R AY 5 EF & T AE VU Db 
CGAA^ACOU [CAGAACCTUATTCGGGT TATGGC [GAAAATSG (CGTCT TAACGCOC TCCEGGA CGTTCTGBAGCAGTTTATTEACCTGCG TGCCO TEAS TGAGGCTACCOCTGAGGTAGA 


2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000 

V 15 А А А | S E @ Uu L А К IJ] S8 A AH Ек к | 5 КОК U ка H €t K T b K 8 V KH а б 

CGTCATTfCCGCTGCCGCACTGAGIGAACAACAGCTCGCGAAAATTTCTGCTGCGATUBAAAAACO (CTOTCACGCAAAGTTAAGC ГВАЛТ [GLAAAATCGATAAGTCTGTAATGGCAGG 

3010 3020 3030 3040 3050 3040 3070 3080 3090 3100 3110 3120 
ALPHA 


V I I к A б D H UV I p G $ УК БЕ L ER AH ав * [етв ТЕТ 


CGTTATCATCCGAGCGUGTGATATGGTCATTGATGGCAGCGTACOCGB TCGTCTIGAGCGCUTTGECABACO тсттасавтеттаяввввастбвА ратасааставаттссассаяяат 
3130 3140 3150 3160 3170 3180 3170 3290 3210 220 3230 3240 


S E L I KOR 1 à Q@F џи Е AH N F G 1 1 у S8 UV 8 n G V I R 1 H ва A DC M 
CAGCGAACTGACCAAGCABCGCATTGCTCABTTCAAfGTTGTGAGTGAAGCTCACAACOAAGGÉLACTATTGTTTOTGTAAGTGACGG ГОГ F'ATUCGCATTCACGGCCTGGCCGATTGTAT 


3250 3260 3270 3280 У 3290 3300 3310 3370 3330 3340 3350 3360 
а G E M I S L P GNR Y A I А t NL ЕК A С У вал V UV Н G6 P Y à D I! A E GH к V 
GCAGGGTGARATGATCTCCCTGCCBGGTAACCGTTACOCTATCGCACTGAACCTCGAGCGCGACTCYGTAGGTOCGGTTGTTATGGGTCCGTACGC TGACCTTGCCGAAGGCATGAAAGT 
3370 i380 3390 3400 3410 5420 5430 3440 3450 3460 3470 3480 
К € T GR I L E U P UG R 6 Li GRvVYNTk & AP I hp 8 K 8 PF L DH D GF S А 
TAAGYGTACTGGCCGTATCCTGGAAGTTCCGGTTGGCCBTOGCCTOCTGOGCCGTUTUGTTAACAC KCTGGG TGCACCAATCGACGG TAAAGGTCCHCTGBA TCACGACGGCTTCTCTGC 
3490 3500 3510 3520 3530 3540 35850 3560 3570 3580 5590 3600 


V E A I А P @ U I E К ü 8 V D OG P UV &@ T G Y K AY m 8 Н X F HW R G Кк E х I 
TGTAGAAGCARTCGCTCCGGGCGTTATCGAACGTCAGTCCGTAGATCAGCCGGTACAGACCGGT ТАТАААВССӨ (TGACTCCATGA FZCCAA (CGGTCGTGGTCAGCGTGAATTGATCAT 
3610 3620 3630 3649 3650 3660 2670 3480 3690 3700 3710 3720 


8 D R QT G6 K T AL AT D A I1 I N O0 R DS G I ксі Y VA YT CGR к A 8 T Y SHY 
CG8TGACCGTCAGACABGTAARACCGCACTGGCTATCGATGCCATCAYCAACCAGCOCGATTCCBBTATCAAATOTATCTATBTCBCTATUGGCCAGAAAGCOYCCACCATTTCTAACGT 
3730 3740 3750 3760 3770 3780 3790 4800 4810 $820 3830 3840 


V R К 1 E ЕН GAL Ан T I UM у а T а S FS A А ІЙ Y LAR H Р МІН б Е Y 
BGTACGTAAACTGGAAGAGCACRGCGCACTGGCTAACACCATCGTTETGGTAGCAACCGURTCYGAATCCGCTGCACTGCAATACCTBGCACGTATGCCOGTTGCOC ТААТЬВОССАЯТА 
3850 4860 3870 3880 3890 3900 1910 3920 3930 3940 3950 3960 


F R BOR GE D à i| і 1 Y B DL вк @ AV A Y ка I1 S LE 1 КОК P P ВК E A Р P 6 
CTTCCGTGACCGCGGTGAAGATGCGCTGATCATTTACGATGACCTG IC LAAACAGGCTGTTUCTTACCGTCAOATCTICCCEGCTGETCCGTUGTCCGCCAGGACGTGAAGCATTCCCSGG 
3970 3780 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080 
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C 


D V F Y L H 8 К L 1 Е К A AR VN А E Y УҒА Р T K GO F УК G K T 6 S L YALL P 
CGACGTTTTCTACCTCCACTCTCGTCTGCTGGAGCGTGCTGCACGTGTTAACOCCGAATACBTTGAAGCCTTCACCAAAGGTGAADT6AAAGGDAAAACCOGTTUTCTGACCGCACTGCC 


4090 4100 4110 4129 4130 4140 8150 4160 4170 4180 4190 4200 
1 IE T @ A G D V 5 A F V P T NU I1 6 1 T D 6G Uü I FL Р ТОН 1 FON AG I K P А V 
GATTATCGAAACTCAGGEGBGTGACGTTTCTGCGTTCGTTCCGACCAACBTAATCT( CATTACEGAT O63 CAGATLT ICCI GGAAACCAACE 1G) TCAACGGCOGTATTLGTCCTGCGGT 
4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320 
N F G 1S V $8 К UV 6 б A A OG T K I MK Kt в F GIR TAL AR Y R E Е à AEF S о 
TAACCCGOGTATTTCCGTATCCCGTGTTGGTGGTUCAGCACAGACCAAGA [CAT GAAAAAAC [GTCCGUTHG TATCCGTACCGCTCTOGCACAG TATCGTGAACTGGCAGCGTTCTCTCA 
4330 4340 4350 4340 4370 4380 4390 4400 4410 4420 4430 4440 


F A S D L D D A T R K 0L DH B AK U T E ЕЕК G К ау à Р H 5 UA Rn 0 5 1 VL 
GTTTGCATCCGACCTTGACGATGCAACACGTAAGCAGCTTGAECACGGTCAGAAAGTGACCBAACYTGUTBAAACAGDAAACAGTATGCBCCOGATBTCCGY TBCGCAGCAGTGCTCTGGTTCT 


4450 4460 4470 4480 4490 4500 4510 4520 430 4540 4550 4560 
F A АЕ К б Y L A BD UV EL 8 K I б 8 F E А AL | АУ U ПК DL Н А Р | M 0 Е Тон 0 
OTTCGCAGCAGAACGTGGTTACCTGGCGGATGTTGAACTGTCBAAAATTGGCAGCTTCRAAGCCGCTCTOC F6GCTTACGTLGACCGT6ATCACGCTCCBG 17642 GCAAGAGATCAACCA 
4570 4580 4590 4600 4610 4620 4630 4840 4650 4660 4670 4680 


T G G Y N D E I F б К L К G 1 L bh S Р К А T à 8 W kk 
АНА ЛА АВИ АД АБА А АЈА А АЈА АИ АЊА ОШ 
4690 4700 4710 4720 4730 4740 ' 4750 4760 4770 4780 479 4800 


САММА 


[м ава к к т кз кт абз уан т акт ткан FHV AAS KAR K $ OD 
©ДйллвстсАтвассббсбсААААВАБАТАСБТАбТААбАТГВСААВСВТССАВААСАСБГААААБАТСАС1 AA&A6GCBATSGAGATOUTCGCCGUTTCEAAAATGUOT AGAT COCAGGAT 


4810 4820 4830 4840 4850 4860 4870 4880 4890 4900 4910 4920 
R HOA А 5 K P Y А Е T H R K у 1 G Ht AH G N L F Y K H P Y LF DR ЬУККкУО 
CGCATGBCGGCCAGCCUTECTTATGCAGAAACCATGCOCAAAGTGATTGBTCACCITGCACACGGTAATG TDGAATATAAGCACCCTTACCIBOAAGACCRCGACO TTAAACRCOTOOBC 
4930 4940 4950 4960 4970 4980 4990 5000 5010 5020 5030 5040 
Y L VU S T Db R B L £ G B он I N | F K K | | à F MK T MN T D К B у п C JI | A MH 
TACCTGBTGGTGTCGACCGACCGTGGTTTBTGCBGTBGTTTGAACATTAACCTGTTCAAAARACTSCTGGÉ GGAAAT GAABALCTUGACCGACARAGBEBT3 CAATGLGACCTLGCAATS 
5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 3150 5140 
I 6 8 К 8 U S ҒҒ N 8 UV 8 & N UV уол П U T b H 6 D N P 5 | BF LY BP VY KU AL 
ATCGBCTCBAAAGGCGTGTCOTTCTTCAACTCCGTGGBEGGCAATGTTGTTGCCCAGBTLACLCSGCATOBGOOA AACCCTYCCCTDT CCBAA CI GATCGBTCCORTAAAAGTGATGTTO 
5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280 
Q à Y h E 6 RLU K L Y I V S N K F I N T HS G V P T I ва! L P L P а ив 
CAGGCCTACGACBAAGGCCGTCTGGACAAGCTTTACATTGTCAGCAACAAATTTATTAACALCA GTCTCAGGTTCCBACLATCAGCCAGCTGCTGCCB TTACCGGCATCAGATGATGAT 
5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400 
BLK HK 8 UV D Y LY E Р D F K At L D T L1 1 R R Y VF SAY Y ü b U U E N L А 
GATCTGAAACATAAATCCTBDBATTACCTBTACGAACCCGATCCBAAGRCGTTGLTGGATACLCTGCTRCOTCGTTAYBlCGAATCYLAGGTTTATCABS CO TOR TTGAAAALCTBGCE 
5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520 
S E QA А А R M UA M К AAT DN OB б 8 L I K EF R | UV Y N K &R AAS IT REL 
ABCGAGCAGGCCGCCCGTA TGGTGOCBATBAAAGCCGCBACCGACAATGGCORLABCCTGATTAAAGABCTGEAGTTORTATACAACAAAGCTCGTLAGGCCAGCATTACTCAGGAACTC 
5530 $540 5550 5560 5570 5580 5590 5500 5610 5620 5830 5440 
ВЕТА 


T E I V 5 б А ^ А V k 


—— е 
[yn à T 6 K 1 V QV IG л чу у ой у Е Е Р aD 


АССВАВАТСВТСТСВВОВСССӨССВСОӨТТТАААСАВОТТАТТТСОТОС В ЯТ TTAAGATOGC TALTBGAAAGATTGTCCAGBTAATLCGGCBOCCETAGT] GACOTCGAATTCCLTCAGG 
5650 $660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5760 


A V P КУ Y DA L E V а N G6 N E RL V L EF V пп ава. 06 GB I UV kK T1 A H 6 6 S OF 
ATGCCGTACCGCOCGTGTACGATGCTCTTGAGGTGCAAAATGGTAATGAGCOTCTUGIGC TGGAAGTTCAGCAGCAGCTCGGCOGCOGTATCG TACOTACCA TCGCAATGGGTTCCTCCG 


5770 5780 5790 5809 5810 5820 5830 5840 5850 5860 5870 5880 

6 L R R 6 LBV K D | F H P 1 F V P UV 6 K A T kL GR I H H UV | 6 ЕР UV йу Н ОЕ 
ACOBTCTGCG I CGCGOTCTGGATGTAAAABACCTCBARCACCCBATTGAAGTCCCOGTAGGTAAABUGACTCTOBGCCGTATCATGAACBGTACYGBGTGAACGCODTUGACATGAAAGGCO 
5890 5900 5910 5920 5930 5940 5950 5940 5970 5980 5990 6000 


1 G E E E К NW А ІН к А А P S Y E E L S N 8 Йй E L L E T б IY К UV I DL Н C Р F A 
AGATCGGTGAAGAAGAGCGTTGRGCGATTCACCGCGCARCACCTTCCTACGBAAGAGCTGTCAAACTCTCAGOAACTGCTGBAAACCGGTATCAAAGTTATCGACCTGATGTGTCCGTTCG 
6010 6020 6030 $040 6050 6060 6070 6080 6090 6100 6110 6120 


170 


D 


к 8 б К UV B LF б б Ав V G К T VN H H E 1 I RN YT A I ЕН 5 б Y S УҒА б V 6 
CTAAGGGCGGTAAAGTTGGTCTGTTCGGTGGTGCGGGTBTAGGTAAAACCGTAAACATGATGGAGCTCATTCGTAACATCGCGATCGAGCACTCCGGTTACTCTGTGTTTGCGGGCGTAG 
6130 6140 6150 $160 6170 4180 6190 6200 8210 6220 6230 4240 


E R T R E GN D F Y H E M T DS NY IDK V 8 L U Y G ü M N E P P GN RL К V A 
GTGAACGTACTCGTGAGGOTAACGACTTCTACCACGAAATGACCGACTCCAACGTTATCGACAAAGTATCCCTGGTGTAYGGCCAGATGAACGAGCCGCCGGGAAACCGTCTGCGCGTTG 
6250 4260 6270 6280 5290 $300 6310 6320 6330 6340 $350 6360 


| T G L T M A E KF R ПЕ G6 R P VL kL F U DN I YR Y TL A G T E V S A L LGR 
CICIGACCGUTGTGALCATGECTOARAAATIOUBTGACOAABGTCOTBACGTTOTGOTGTTICTTGACRAGATCTATGGTTACACEETGGEEGR и Aad 9 
6370 6380 6390 6400 6410 642 6430 6440 6450 6460 6470 6480 


M P 8 А Ө б Y @ РТ L A E E М б V L QE К 1 T 8 ТК Т б 5 І Т S VR А V Y VP А 
GTATGCCTTCAGCGGTAGGTTATCAGCCGACCCTGGCGGAAGAGATGGGCGTTCTGCAGGAACGTATCACCTCCACCAAAACTGGTTCTATCACCTCCGTACAGGCAGTATACGTACCTG 
6490 6500 6510 6520 $530 6540 6550 6560 6570 6580 6590 6600 


D DL T D P S F АТ T РАНЕ ПА T U Vk S R G8 I ^ S LGI Y P AY D PL PS T 
CG6GATGACTTGACTGACCCGTCTCCGGCAACCACCTTTGCGCACCTTGACGCAACCGTSGTACTGAGCCGTCAGATCGCGTCTCTGGGTATCTACCCGGCCGTTGACCCGCTGGACTCCA 
8610 8620 6630 6640 $650 6660 5670 6680 6690 6700 6710 4720 


5 ка: п F L Уб G E H Y np T à R G V 0S іі kL G R Y G E ки: I ^ IL 6 M Db 
CCAGCCGTCAGCTBBACCCGCTGGTGGTTGGTCAGGAACACTACGACACCGCGCGTGGCGTTCAGTCCATCCTGCAACGTTATCAGGAACTGAAAGACATCATCBCCATCCTGGGTATGG 
6730 6740 6750 6760 6770 4780 6790 6800 6810 6820 5830 6840 


E L S E E К (59УА Как K і ак F L 8 0 P F F VY А E Y F Т G S F G K Y V S 1 


ATGAACTGTCTGAAGAAGACAAACTGGTGGTAGCGCGTGCTCGTAAGATCCAGCGCTTCCTGTCCCAGCCGTTCTTCGTGGCAGAAGTATTCACCGGTTCTCCGGGTAAATACGTCTCCE 
6850 5860 6870 5880 6890 6900 6910 6920 6930 6940 6950 6960 


KR D T I ЕК G6 F K G I НЕ 6 E Y Bh H «С РЕ аба F Y H V G 8 I E E A V E Қ АКК 
YBARAGACACCATCCGTDGCTTTAAAGGCATCATGGAAGGCGAATACGATCACCTGCCGGAGCAGGCGTTCTACATGGTCGGTTCCATCBAAGAAGCTGTGGAAAAAGCCAAAAAACTTT 
6979 6980 $990 7000 7019 7920 7030 7040 7050 7060 7070 7980 


EPSILON 


f" АН T Y на D V V S A Е @ 0 M F S GB L VU E K 1 @ UV Т б S E BEL 
AACGCCTTAATCGGAGOGGTGATATGGCAATGACTTACCACCTGGACGBTCGTCAGCOCAGAGCAACAAATGTTCTCTGGTCTGGTCGAGAAAATCCAGGTAACGGGTAGCGAAGGTGAACT 
7090 7100 7110 7120 7130 7140 7150 7160 7170 7180 7190 7200 


б 1 Y P GHA Р L UL Т А I K F б о M I KR I VK 0 Н БН E E F І Y 1 5 6 б IL E Ча 
GGGGATCTACCCTGGCCACGCACCGCTGCTCACCECCATTAAGCCTGGTATGATTCGCATCGTGAAACAGCACGGTCACGAAGAGTTTATCTATCTGTCTGGCGGCATTCTTGAAGTGCA 
7210 7220 7230 7240 7250 7260 7270 7280 7290 7300 7310 7320 


P 6 N V T V L A D T A I R G Ah L D E А R А М E А К R K А E E Н 18 S $ H G D V 
GCCTGGCAACGTGACCGTTCTGGCCGACACCGCAATTCGCGGCCAGGATCTCGACGARGCGCGAGCCATGGAAGCGAGnACGTAAGGCTGAAGAGCACATTAGCAGCTCTCACGGCGACGT 
7330 7340 7350 7360 7370 7380 7390 7400 7410 7420 7430 7440 


JF Y АП А S A E 1 А К А I & а | КУ I E L T K K AM Ж Transcription. termmation 


AGATTACGCTCAGGCOTCTECOGAACTSGCCAAAGLGATCGCGCAGCTGCGCGT TATCGAGT TGACCAAAARAGCGATGT AACACCGGL TT GAAAAGCACAAAAGCCAGTCTGGAAACAG 
7450 7460 7470 7480 7490 7500 7510 7$20 7530 7540 


GCTGGCTTT IlGCGCGTGTGACCCGTCCTGAATAGCGTTCACATAGATCCTGCTGATATAARAACCCCCCTGTTTTCCTGTTTATTCATTGATCGAAATAAGAGCAAAAACATCCACC 
7570 7580 7570 7600 2610 7620 7630 7640 7550 7660 7670 7680 


TGACGCTTAAATTAAGGTACTGCCTTAATTTTCTGCAGACAAnAGGCBTGACGATGGTCGAAAATGGCGCTTTCGTCAGCGGGGATAATCCGTTATTGAACAATTTATCCTCTGTCCATT 


7690 7700 7710 7720 7730 7740 7750 7740 7770 7780 7790 7800 
Ст S? 
ML 
TCACGATGAAAAAAATGTAGTTTTT TCAAGGTGAAGCGGTT TAAATTCOTICTCAAATTACAGTCAUGACGCGTATGTTGA 
78:0 7820 7850 7840 7850 7860 7870 7880 


figure differs in only one base from the sequence 
summarised by Walker et al. [35]. An extra C 
residue has been found at position 7492 close to 
the C-terminus of в. This makes the sequence of в 
consistent with the C-terminal residue methionine 
determined by Dunn [36] and causes the sequences 
of the nine C-terminal amino acids to be changed 
from that presented originally [25]. 


III. Interpretation of the DNA sequence 


Two methods were applied for the identifica- 
tion of reading frames (genes) in this DNA se- 
quence, visual inspection and computer analysis 
with the program FRAMESCAN [37]. In both 
methods a reading frame is defined a a sequence 
of nucleotide triplets coding for amino acids start- 


ing with an initiation codon (АТО, СТС ог rarely 
TTG, recognised in mRNA by N-formylmethionyl 
tRNA) and ending with a termination codon 
(TAA, TGA or TAG). The initiation codon is 
preceded by a potential ribosome binding site with 
sequence complementary to the 3’ end of 16 S 
ribosomal RNA (also called the Shine and 
Dalgarno sequence [38]). By visual inspection, nine 
consecutive reading frames can be discerned in the 
unc region. FRAMESCAN additionally makes use 
of codon frequency data to assess reading frames. 
Analysis of the unc region shows eight genes with 
related codon frequencies the ninth, the first in the 
operon, being clearly different in this respect (Fig. 
4); particularly noteworthy is the presence in gene 
1 of four of the six AUA codons to be found in 
the entire operon (see subsection IVB). 


IIIA. Identification of genes 


Protein sequences of E. coli ATP-synthase sub- 
units have been used to identify seven of the genes 
in the unc operon and so to establish the gene 


а! Д 


ІШ МІНІ Ei | | | | итар b лш ПА о ш H1 01 GP n gd 


у: при М ; 


1 


| 


171 


order shown іп Fig. 3. These sequences [39] are 
summarised in Table 1. In addition, protein se- 
quences in bovine mitochondrial а [34] and В [40] 
subunits helped to identify reading frames for the 
corresponding E. сой proteins. Dunn has indepen- 
dently determined N-terminal protein sequences 
for the a, [41], 8 and ғ [36] subunits and C-termi- 
nal residues for а (tryptophan) [41], y (valine) and 
е (methionine) that have proved helpful for estab- 
lishing the termination codons of these proteins 
and of e in particular [36]. It was noted that the Е, 
Subunit c is N-formylated and N-formylmeth- 
ionine is removed from the В, y and г subunits by 
post-translational processing [39]. In the case of 
the а subunit, formyl or, alternatively, N-for- 
mylmethionine, were found to have been removed 
in two independently isolated samples of F,- 
ATPase [41]. 

An eighth ATP-synthase subunit, the F) subunit 
а, is identified by homology with counterparts of 
the mitochondrial ATP-synthase (see Fig. 5). These 
homologies are strongest in the C-terminal portion 
of the polypeptide chains and are weak towards 
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Fig. 4. Identification of reading frames іп the unc operon with FRAMESCAN. The three boxes represent the three phases of the 
nucleotide sequence (horizontal scale). The vertical scale 15 a measure of the similanty of codon usage when compared with the а gene 
with a window of 45 bases. The vertical bars across the middle of each box are the positions of termination codons. Initiation codons 
(ATG only) are plotted across the bottom of each box. The positions of unc genes are indicated. 
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Fig. 5. Sequences of the Е. сой Fy subunit a compared with its 
counterparts encoded in mitochondrial DNA. Human [126], 
Bovine [123], Mouse [127], Drosophila melanogaster (de Bruijn, 
M.H.L., unpublished data), Saccharomyces cerevisiae [124]. 


the N-terminus. The lack of homology in the N- 
terminal regions of the E. coli and human proteins 
has led Nielsen et al. [26] to propose that the 
initial translation product is а’, processed to give 
the smaller product a^ which is then incorporated 
into the ATPase complex. It is further suggested 
that a might correspond to a 31 kDa outer mem- 
brane protein. However, comparison of the pro- 
teins from mitochondrial sources indicates a simi- 
lar lack of homology in the N-terminal regions, 
making the suggestion of Nielsen et al. [26] some- 
what implausible. Also in the ribosome binding 
site for the a" the initiation codon GTG to nine 
bases is rather distant from the Shine and Dalgarno 
box. However, the precise sequence of the mature 
4 protein can only be settled by protein sequence 
analysis. 

A summary of the amino acid compositions and 
molecular weights of the eight subunits of E. coli 
ATP-synthase is presented in Table II. 


SNREFVTLQQWMLQUVSKQMMSIHNSKG*QTWTL 
PSRYNIMWNSILLTLHKEFKTLLGPSGHNGSTF 
GSRWLISQEAIYDTIINMTKGQIGGKNWGLYPP 
GSVEOHYBORSSKUTAPIALTIPVEVTLMNDHDE 
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Gene 1. The function of the region of DNA 
named gene 1 is a mystery. This sequence has 
many of the features characteristic of regions of 
DNA. encoding a protein (viz. an initiation codon 
preceded by a potential ribosome binding site and 
followed by a coding sequence ending by a 
termination codon). However, the frequency of 
codons in this reading frame is markedly different 
from the genes identified as coding for structural 
components of ATP-synthase. The relatively higher 
frequency of rare codons suggests that the gene 
may be poorly expressed (see subsection IVB-4) 
and so it could encode a protein involved in 
regulation of expression or of assembly of the 
enzyme. In order to study the function of this 
region of DNA, a strain of E. coli has been con- 


Transcription 
initiation 


(a) Promoter Gene 1 a or ug B 
grenier ln mmm nien e 


(b) = 8 тын хәне 
(c) ВИ: Ее ЕЕ: M 


TICGA  TCGAA 


(d ) Y | AAGCTAGCTT EN 2 


TICGATCGAA 





(e) Сэ о 


рАС! 


Fig. 6. Construchon of a deletion mutant in gene 1 [42]. (а) 
Miàmp RF containing a 920 bp insert from Haell site 
(nucleotide 159) to BamHI site (nucleotide 1063) was digested 
with HindIII releasing a 199 bp fragment of gene 1 and so 
linearising the fragment (b). (c) The HindIII cohesive ends will 
filled in using Klenow polymerase. (d) The modified fragment 
was then religated and transfected into E. сой JM101. Then the 
mutagemsed fragment was released from RF with BamHI 
ligated into pACY C184 and transformed into E. сой HB101. 
(e) Transformants were selected on media supplemented with 
chloramphenicol and recombinants identified by insertional 
activation of tetracycline resistance HindIII (<), EcoRI (v) 
BamHI (1). 
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TABLE П 


AMINO ACID COMPOSITIONS ОЕ PROTEINS ENCODED ВУ THE unc ОРЕКОМ 





























Amino acid Protein 

1* a c b 6 a Y B А 
Aspartic acid 1 8 3 8 9 28 17 27 6 
Asparagine 5 12 2 4 6 16 12 11 1 
Threonine 3 12 1 3 4 23 13 24 6 
Serine 7 17 0 5 12 32 21 a5 8 
Glutamic acid 1 8 2 18 17 31 15 39 13 
Glutamine 3 7 2 10 9 28 14 20 8 
Proline 5 15 3 2 3 18 9 20 4 
Сіусіпе 7 17 10 3 8 47 20 45 12 
Alanine 16 17 13 31 27 57 27 34 17 
Cysteine 0 0 0 1 2 3 2 1 0 
Valine 24 23 6 и 16 41 25 47 10 
Methionine " 3 11 8 2 7 11 13 15 6 
Isoleucine 6 25 8 13 10 40 13 27 11 
Leucine 23 45 12 14 18 47 29 42 12 
Tyrosine 0 6 2 1 1 15 п 15 4 
Phenylalanine 9 20 4 3 6 14 4 14 2 
Histidine 2 7 0 1 2 7 4 7 6 
Lysine 7 10 1 15 8 24 23 20 8 
Arginine 4 4 2 10 1 30 13 26 5 
Tryptophan 4 7 0 1 H 1 2 1 0 
Molecular 7 
weight 14055 * 30285 ° 8264 ° 17230 ° 19328 55282 31559 50286 15051 
Polarity 
index 25 31 16 47 44 43 46 43 44 





a Assumes GTG initiation codon (see Fig. 10). 
> Assumes no post-translational removal of methionine. 
* Includes N-terminal formyl group. 


structed by site-directed mutagenesis in which a 
large segment of the polypeptide chain has been 
deleted from the core of the putative protein (Fig. 
6). This strain retains the ability to grow on non- 
fermentable carbon sources (unc* phenotype); its 
rate of growth on minimal succinate medium and 
anaerobically with glucose is indistinguishable 
from an isogenic normal strain but its growth yield 
is lower, possibly because of inefficient use of 
available energy sources [42]. This could be due to 
either (a) inefficient assembly resulting in a frac- 
tion of inactive enzyme complexes with a com- 
pensating increase in transcription of the unc op- 
eron, or (b) inefficient assembly resulting in loss of 
chemiosmotic energy through passive proton-con- 
ducting pores. The properties of this mutant show 
that it is most likely that gene 1 is not an essential 


component for ATP-synthase function, having no 
discernible effect on qualitative expression of unc 
genes, but that it may affect their quantitative 
expression. 

The putative protein encoded in gene 1 has a 
number of features that may be helpful in de- 
termining its function. The protein would be hy- 
drophobic but would have a net positive charge of 
+11 (assuming a charge of +0.5 for each histi- 
dine). A hypothetical structure for this protein is 
discussed in subsection VB-5. 


ШВ. Translational signals 
IIIB-1. Initiation 


A ribosome binding site on a messenger RNA 
includes the initiation codon and the Shine and 
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TABLE III 
RIBOSOME BINDING SITES OF GENES IN THE unc OPERON 


Each sequence ends with the 1nitiation codon (boxed) preceded by boxed sequences complementary to the 3’ end of 16 S ribosomal 
ЕМА; four cistrons have two such sequences and the gene for the y subunit has three. In some cases termination codons of previous 
cistrons have dotted underline. 


Subunit DNA sequence No. of 
subunits 


Y лавассвсјкавејсаттјвјлевјавјаавст сате 1 


8 сестоллстетллевл е ел евесте(те 1 


€ ACTTTAACGCCTTAATC GGTGATIATG 1 


с TTTAACTGAAACAAACTIGGAG|IACTGTC[ATG 6-10 


ATG 


B AACAGGTTATTTCGTA[GAGGA|ITTTAAGIATG| 5 
a CAACA[AAGGIGTAA[AAGG|CATC{ATG] 1 


b ACGTTAACTAAATA|GAGGIcATTGTGC TÍG TG 2 
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GD AGGGAGCIAGGAGITGAAAAACGTGIATE] - 


Canonical nbosome binding site: TAAGGAGGTGTTC 


Dalgarno box found 5-9 bases upstream of the 
initiation codon. The initiation codon is usually 
predominantly ATG (97.575 of observed cases). 
GTG (2%) is also used [43] and in one case TTG 
has been observed [44]. Despite this strong bias in 
favour of ATG, in vitro binding experiments with 
fMet-tRNA do not show strong discrimination 
against GTG [45], and so the significance of the 
occasional use of GTG as initiation codon remains 
a mystery. It is used at least once and possibly 
twice in the unc operon. Аз shown in Table III, 
СТС is the initiation coding for the protein b gene 
and is one of the two possible initiation codons for 
gene 1. This table also shows the similarity in the 
sequence of the Shine and Dalgarno boxes and the 
constancy of the distance between this box and the 
initiation codes for genes for у, б, е and c. An 
additional feature of the y and 6 sequences is that 
they each contain a second Shine and Dalgarno 
sequence overlapping the other alternative. Two 
overlapping Shine and Dalgarno sequences also 


are to be found in one of the possible initiation 
sequences for gene 1. Of the two possibilities (i) 
and (ii) in Table III (i) could be preferred on the 
grounds that the S and D sequence in (ii) is 
separated from the initiation codon by 11 bases, 
greater than the usual span of 5-9 bases [43]. 
Alternative, but non-overlapping, S and D se- 
quences are found in the vicinity of the initiation 
codons for the genes а and а. In the case of а 
neither sequence lies within the usual distance 
(5-9 bases) of the initiation codon. The more 
distant possibility is separated from the initiation 
codon by ten bases and additionally partially over- 
laps the termination codon of 8; the nearer possi- 
bility is but one base from the ATG codon. In the 
case of the protein a gene the more distant possi- 
bility is entirely within the proposed coding se- 
quence of gene 1 and separated from the initiation 
coding by 12 bases; the nearer alternative has a 
four base spacer sequence. 

The significance of these multiple Shine and 
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Dalgarno sequences is unclear. However, the inad- 
equacy is recognised of the simple model of the 
ribosome binding site (an initiation codon sep- 
arated from a Shine and Dalgarno sequence by a 
spacer sequence). It is clear that the region of 
interaction with ribosomal RNA is much more 
extensive and encompasses regions both upstream 
of the Shine and Dalgarno sequence and also in 
the coding sequence [46]. In the unc operon, as in 
ribosomal protein genes [46], a preference is found 
for G in the first position after the initiation 
codon. Of the structural genes only that for pro- 
tein b has an A as the fourth base and in this case 
following a СТС initiation codon. А similar situa- 
tion may be found at the beginning of gene 1. 
Evidence has been presented by Taniguchi and 
Weissmann [47] that the base after the initiation 
codon is important in determining efficiency of a 
translation initiation site in binding ribosomes. 
They found that affinity of the initiation site and 
ribosomes increased with A in the first position 
after the initiation codon. This was explained by 
base pairing the A with the U preceding the anti- 
codon in formylmethionyl tRNA. 


IIIB-2. Termination 

With the exception of the protein c gene the 
only termination codon employed in the unc op- 
eron is TAA, thought to be the major termination 
codon in £. coli. The protein c gene ends with 
tandem termination triplets ТАС. TAA, a com- 
bination of tandem termination codons that has 
not been observed previously [48]. The combina- 
tion UAA- UAG was observed in coat protein 
genes of the RNA phages MS2, R17 and f2 [48] 
and TGA · TAA terminates репе F of фХ174 [49]. 
It has been estimated that approx. 13% of all Е. 
coli genes contain termination signals TAG or 
TAA in tandem with a second nonsense triplet 
[50]. It is generally thought that the feature serves 
to ensure that read through (‘leakiness’) does not 


occur. 
unc ТОТТТОАААТСА 13 bp ТАТААТТ 5 ор 
"ideal" TGTTGACAATTT 12-14 bp ТАТРОАТРО 5-6 Бр 
Fig. 7. Comparison of the *ideal' promoter sequence [51] and 
the proposed unc promoter [24]. I 15 the base at which tran- 


scription initiates. 


IIIC. Transcriptional signals 


IIIC-1. The unc promoter 

The proposed promoter for the unc operon (see 
Fig. 7) contains sequences that resemble the 
canonical ‘Pribnow box’ and —35 region derived 
by comparison of all known promoters [51,52]. 
Тһе presence of an active promoter in this region 
was confirmed in vitro by measuring the length of 
run-off transcripts (see Fig. 8) [53]. These experi- 
ments argue against the presence of an active 
promoter in the region designated gene 1 as pro- 
posed by Kanazawa et al. [30]. A mutant SD42, in 
which a region of 199 bases of gene has been 
deleted and four inserted, is still viable against the 
proposal of Kanazawa et al. [30] of a promoter in 
the region of nucleotide 800. 

The possible significance in transcription of the 
5' non-coding region adjacent to the unc promoter 
is discussed in subsection IVA. 


IIIC-2. Internal promoters 

Evidence has been obtained from lacZ fusions 
for a weak internal promoter approx. 100 basepairs 
upstream of the start of the protein a gene. It is 
estimated to be 10-times weaker than the main 
promoter [54]. Its significance is unknown. 


ШІС-3. Transcription terminator 

A sequence following the gene for the в subunit 
(see Fig. 3) has characteristics of a strong rho-in- 
dependent transcription termination signal with a 
G-C rich stem followed by the sequence T, as 
depicted in Fig. 9 [25]. However, experiments to 
verify this suggestion have not been performed. 


ПІС-4. Intercistronic sequences 

Attention has been drawn to the presence of 
only three intercistronic regions of significant 
length in the unc operon [24,25] (Fig. 10). Two 
surround the protein c gene and the third is be- 
tween the genes for a and y. In the first two of 
these regions, the presence of sequences has been 
noted that are closely related to the Pribnow box 
of the Trp-promoter [51]; although homology with 
the —35 box is absent. The significance, if any, of 
these sequences is not understood; no experiments 
have been reported that demonstrate whether or 
not they represent significant sites for RNA poly- 
merase binding. 
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The intercistronic space between the genes for а 
and y contains no apparent promoter, but an 
inverted repeat has been noted [24] that could 


Fig. 8. Experiments to detect the promoter for the unc operon 
Рап I. (A) Physical map, Нташ (©), BamHI (1). Haelll 
(7), EcoRI (%) restriction sites. (B) Genes drawn to scale. P 
represents the site of initiation of transcription proposed by 
Gay and Walker [24] and verified as described. (C) P represents 
the location of a weak promoter proposed by Nielsen et al. [26] 
(D) P is the position of a promoter proposed by Kanazawa сі 
al [31] and disproved by Gay [42] (E) (i)-(iii) Predicted 
lengths of in vitro transcripts from various DNA fragments. 
Part 11. Autoradiograph of gel showing in vitro transcript of 
DNA fragment containing proposed promoter (see Fig. 7, Part 
1B and Еб)) compared with transcript made from the 5502 
promoter [53]. Part III. Products of in vitro transcription of 
fragments derived from the proximal part of the unc operon 
[53]. (a) pBR322 DNA digested with Haell. (b) Transcription 
products of a 1675 basepair fragment from PstI site to EcoRI 
site (nucleotides 1563-3228). (c) Transcription products of a 
fragment from HindIII site to PstI site (nucleotides 872-1563) 
(d) Transcription products of a 909 basepair fragment from 
Haell site to BamHI site (nculeotides 203-1112). (e) Tran- 
scription products of Sau3A-Hindlll fragment (nucleotides 
432-673). 


form a very stable hairpin structure (Fig. 12, see 
subsection ШС). 
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IV. Regulation of the unc operon 
IVA. Transcriptional regulation of the unc operon 


Little is known about the qualitative and tem- 
poral control of genes encoding central metabolic 
processes. Expression of these functions is proba- 
bly controlled by a complex set of interacting 
effectors. In the unc operon, these effectors could 
include nucleotides, oxygen, intracellular pH, ex- 
tracellular metabolites, such as amino acids that 
require a proton potential gradient to drive their 
uptake. The Н*-АТРазе of E. coli is necessary 
during both aerobic growth, to mediate oxidative 
phosphorylation of ATP, and anaerobic growth, 
when it mediates ATP driven membrane energisa- 
tion [4]. 

DNA sequence analysis (see Fig. 3) has re- 
vealed a very long (400 bp) 5' non-coding region 
adjacent to the promoter. Other genes and operons 
which encode important metabolic processes such 
as ribosomal proteins, ribosomal RNAs and 
tRNAs, have similarly extended promoter control 
regions [55]. These regions are generally 
characterised by a very high content of А and T. 
Analysis of these sequences has led to the identifi- 
cation of five homologous 10 bp sequences which 
have an homology between 60 and 100%, with the 
consensus sequence C-A-G-A-A-A-A-A-T-C (see 
Figs. 3 and 11) A possible function for these 
sequences is that they act as 'locator' sites for 
RNA polymerase which is proposed to interact 
weakly with DNA in these regions. Thus RNA 
polymerase would become concentrated locally in 
the vicinity of the promoter. This idea has several 
attractions. Free RNA polymerase is known to 
exist in at least two different conformations and 
the equilibrium between these forms is thought to 
be modulated by nucleotides, specifically by GTP, 
ATP, ADP, ppApp and ppGpp. For example, 
during the stringent response evoked by amino 
acid starvation, the intracellular ppGpp concentra- 
tion rises from 20 uM to 1 mM. This is accompa- 
nied by a dramatic reduction in synthesis from a 
subset of promoters. This effect has been corre- 
lated with а change in the free polymerase from 
*dimer' to *monomer' [56]. Thus the 'locator' se- 
quences have different affinities for different con- 
formation forms of free RNA polymerase and the 
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Fig. 9. Proposed structure of RNA at the transcription termina- 
tion site of the unc operon [25]. 


equilibrium between these forms is modulated by 
the metabolic status of the cell, then qualitative 
variations in transcription will result. The varia- 
tions would reflect the complex and dynamic equi- 
librium of the cell and the number of permutations 
would be very large. Another consequence of this 
idea is that protein-DNA interactions which altered 
the affinity of the RNA-polymerase for the locator 
sequences would also result in qualitative dif- 
ferences in transcription. This is in contrast to 
other control sequences and control proteins such 
as the Јас repressor/operator which effects a 
quantitative switch in transcription. 


IVB. Uncoordinacy 


Тһе stoichiometry of subunits and the order of 
the genes in the unc operon raises the question of 
how the synthesis of different amounts of the 
various proteins from a polycistronic message is 
achieved. This problem has.been encountered pre- 
viously in other transcriptional units. The term 
*non-coordinacy ог 'uncoordinacy has been 
coined to describe the phenomena [57]. А most 
striking example is provided by the morphogenetic 
genes A-J of bacteriophage А which form a single 
transcriptional unit with an 870-fold molar dif- 
ference between the least and most abundant pro- 
teins produced from this operon [58]. Other exam- 
ples are to be found in the RNA phages. In R17, 
for example, the middle of three cistrons (encoding 
the coat protein) is translated about 20-times more 
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a-c ‘ TAAJTT TACCAACACTACTACGTT{TTAACTGAAACAAACTGGAGACTGTCATG 


c-b  TAGTAAGCGTTGCTTTTATTTAAAGAGCAATATCAGAACGPFTAACTAAATAGAGGCATTGTGCTGTG 


b-6 TAAIGGAGGGAGGGGCTGATG 


6-а ТААССССАСТССАССАТС 


а-ү ТЕҚсотстосссесттассттаасосаовссвсдасасаттбАб56Ң4 hacc TCR тб 


y-8  TAAACAGGTTATTTCGTAGAGGAITTTAAGATG 


8-e  ТААССССТТААТСбСАСОСТСАТАТС 


Fig. 10. Intercistroric non-coding regions in the unc operon. Each sequence starts with a termination codon and ends with the 
initiation codons of the following gene. Initiation codons are preceded by proposed ribosome binding sites. Underlined in a-c and 
c-b are two regions related in sequence to the Pribnow box of the Trp promoter (see Ref. 51). Inverted repeats in а-у are underlined 


[128]. 


frequently than its neighbours, the А protein (be- 
fore) and replicate (after) [59]. 
A simple explanation is that the subunits are 
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-55 САТТЕТІСІС- — no homology 
{10/10} 

“77 САТСААЛАТТ — “76 GAAABATATT pis. 
(7/10) (6/10) 

-109 СААЛААТААС. — -103 CAGAAAAGTC | «——— 
(7/10) (9/10) 

=129 GATTATTCTT m б -128 CAGTTTTTCAG -— 
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(9/10) (2/10) 





Fig. 11. Conserved sequences іп the non-coding region 5' to the 
unc promoter that may serve as locator signals for RNA 
polymerase [55] compares with sequences 5” to the {ВМА Tyr 
promoter. 


produced in equimolar quantities and unassem- 
bled excesses removed by proteolysis. In the ab- 
sence of any information whatever concerning rates 
of synthesis of individual subunits of ATP-syn- 
thase and their роо] sizes, this explanation cannot 
be formally discounted. However, it would create 
considerable waste: with а stoichiometry of 


"ZA TA 
aco T БАС сто 
A C теб с.б 
С.Т TG С.С 
А.Т сд 056 
. ТА 
С.С G.C Ст.а 
С.С А.Т с.а 
-TT-AG- С.В 6 
3184 3199 О, А CG 
245 TCTGGCG G: CRAGG 
-tC Јајсате АЊА 
AG ~ 5kcal 3192 3220 AG~-31 4 kcal 


Fig. 12. Possible secondary structures in intercistronic regions 
of the unc operon [67]. The stabilities were calculated by the 
method of Tinoco et al. [12]. In (b) termination codon of $ is in 
the dotted box, initiation codon of а is underlined and S and D 
sequence is boxed. In (c) S and D sequence of y is boxed. 
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TABLE IV 


CODON USAGE IN THE unc OPERON 





Amino Protein 


acid 


Codon 


Gene 1 











17 


сі 


AAU 


Asn 


52 
88 


14 
19 


17 


17 


10 


28 


сі 


41 


12 


САО 


66 
102 


21 


16 
27 


27 


10 


13 


42 


12 


Cys 


yat 


UGC 


UGA 


Term. 
Trp 


17 
63 
24 


UGG 
CGU 


CGC 


21 


25 


Arg 


CGA 


CGG 


AGU 


Ser 


26 


AGC 
AGA 


Arg 


AGG 


90 


29 


29 
16 


66 


14 


12 


Gly 


21 


Phe 


55 


11 


13 


17 


UUC 
UUA 


20 
22 


ri 


UUG 
CUU 


Leu 


21 


сис 


170 


10 


37 19 35 


10 
30 


11 


35 


СОА 
CUG 


47 


11 


AUU 
AUC 
AUA 


100 


23 


10 


13 


Пе 


76 


15 


13 


11 


Мей 11 


AUG 


68 


12 


24 


GUU 
GUC 


29 


Val 


49 


19 
10 


GUA 


57 


12 


GUG 
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Codon 





TABLE IV (continued) 
Amino Protein 
acid a с b ô 
UCU 3 0 0 
UCC 2 0 2 1 
Ser 
UCA 3 0 0 1 
UCG 3 0 1 1 
CCU 3 2 0 0 
ССС 1 0 0 1 
Рго 
ССА 4 0 1 1 
сса 7 1 1 1 
ACU 0 1 1 0 
ACC 3 0 1 2 
Thr 
ACA 2 0 1 0 
ACG 7 0 0 2 
GCU 4 6 9 7 
GCC 6 1 8 7 
Ala 
GCA 2 2 6 6 
GCG 5 4 8 7 
UAU 2 0 0 0 
Tyr 
UAC 4 2 1 1 
UAA 1 1 1 1 
Term. 
UAG 0 1 0 0 
CAU 3 0 1 0 
His 
CAC 4 0 0 2 
CAA 2 1 2 4 
Gin 
CAG 5 1 8 5 


a,C,_b,6,a,y,8,€, about two thirds of the synthe- 
sised protein would not be assembled into the 
enzyme complex. So this explanation seems to be 
unlikely on the teleological grounds of economy in 
a rapidly growing prokaryote. 

Non-coordinacy cannot be explained in terms 
of internal promoters. These would give rise to 
shorter transcripts; this would lead to greater 
numbers of proteins encoded in the distal part of 
the operon. Мог can it be explained by a fraction 
of the ribosomes falling off the transcript as they 
move alone as this would favour production of 
proteins in tbe. proximal part of the operon. 
Another transcriptional regulation model pro- 
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2 
Y В e Gene 1 
2 7 4 2 34 
5 14 0 0 40 
1 2 0 0 6 
5 0 0 1 12 
3 4 3 1 17 
1 0 0 1 4 
0 0 0 1 10 
5 16 1 2 48 
2 5 1 0 14 
10 18 4 0 55 
0 0 0 2 7 
1 1 1 1 13 
2 7 2 3 57 
12 6 4 2 54 
6 8 4 5 59 
7 13 7 6 67 
4 4 1 0 15 
7 п 3 0 40 
1 1 1 1 9 
0 0 0 1 
1 0 0 1 6 
3 7 6 1 30 
2 2 2 0 19 
12 18 6 3 82 


posed that non-coordinacy іп А morphogenetic 
genes could be explained by selective inactivation 
either by differential chemical decay or differential 
functional inactivation of transcripts. However, 
both possibilities were subsequently eliminated 
[58,60]. 

It is more likely that regulation occurs post- 
transcriptionally [61]. A priori a number of regula- 
tory mechanisms operating at the level of transla- 
tion can be envisaged. They are discussed below in 
relation to the unc operon. 

Regulation during initiation of translation. The 
importance of mRNA-rRNA interactions in initia- 
tion of translation has been emphasised by Steitz 
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[59]. Efficiency of translation has been correlated 
with the stability of the interaction and the spac- 
ing between initiation codon and Shine and 
Dalgarno sequence. The features of these regions 
in the unc operon have been described above (sub- 
section IIIB-1), but comparison of them provides 
no coherent explanation of uncoordinacy. The in- 
teraction between mRNA and rRNA can be in- 
fluenced by secondary structures in rRNA, which 
may be long range and so difficult to analyse. 
However, local interactions (hairpins) in the vicin- 
ity of the ribosome binding site have been shown 
to influence translation initiation strongly. For 
example, a mutation in expression of he lambda 
receptor resulting in a 10-fold decrease in its ex- 
pression has been shown to stablise an mRNA 
secondary structure that sequesters the initiation 
codon [62]. 

In the unc operon possible hairpin secondary 
structures іп mRNA are found in the vicinity 
(— 20 basepairs) of the initiation codon of the а 
and y genes. These are illustrated in Fig. 12. Two 
structures could form upstream of the а gene. One 
(Fig. 12a) is within the 6 coding region; the other 
(Fig. 12b) is more extensive (AG, = —131.1 kJ) 
and encompasses the 6 termination codon as well 
as the Shine and Dalgarno sequence. Its influence 
(if any) in translational of this part of the unc 
operon is unclear. However, if it were to stabilise 
mRNA:rRNA interaction, then it might be ex- 
pected to increase translation efficiency of the y 
gene. 

In the RNA phage R17 an intercistronic hair- 
pin structure is the site of recognition of a protein 
acting as a translational repressor: coat protein 
stabilises a preformed RNA secondary structure in 
which replicase initiation codon and Shine and 
Dalgarno sequence are sequestered [59]. Similar 
examples are found in Qf [59]. However, in order 
to be recognised by protein translational repres- 
sors a segment of ЕМА need not necessarily form 
a hairpin; gene 32 protein in phage T4 represses its 
own translation probably by competing for ribo- 
some attachment [63]. 

Another possible function for secondary struc- 
tures in translation initiation is to serve as 
RNAsellI processing sites. In bacteriophage T7 it 
is thought that the secondary structures surround- 
ing these sites prevent ribosomes from attaching to 


this region. Attack Бу RNAselll makes them 
accessible to ribosomes and allows translation to 
proceed [59]. The role of the secondary structures 
in the unc operon (Fig. 12) is as yet undefined. 
However, it seems likely that they are important in 
regulation of the operon. 

Regulation during elongation. Differences in the 
rate of elongation of polypeptide chains from dif- 
ferent cistrons during protein synthesis would lead 
to the synthesis of unequal amounts of proteins 
from a polycistronic message. How can this be 
arranged? 

Ikemura [64] has shown that the abundancies of 
tRNAs and the frequency of most cognitive codons 
correlate in E. coli. The most frequently used 
codons correspond to the most abundant tRNA 
species and vice versa. Furthermore, a linear rela- 
tionship is found between the relative usage of 
codons within a codon family and the relative 
abundancies of the corresponding anticodons. 
Grantham [65] has proposed that the genomic 
strategy of a bacterial cell is probably a reflection 
of this correlation: the protein synthesising mac- 
hinery as a whole has evolved to maximise when 
necessary the efficiency of output. Gouy and 
Grantham [66] have presented a dynamic model of 
protein synthesis which emphasises the importance 
of codon/ anticodon recognition, and of their rela- 
tive concentrations, for the general efficiency of 
the process. Bacterial genes which produce differ- 
ent amounts of proteins seem to use the degener- 
ate genetic code in quantitatively different ways. 
Thus the use of the genetic code (and the tRNA 
pool) may constitute a means of modulation of 
gene expression. The presence of rare codons will 
slow down the elongation process, leading to 
stuttering; their absence ensures a smooth synthe- 
sis. 

We have tested this model by examination of 
codon usage (Table IV) in some of the unc genes 
[67]. The codons of genes for y, ё and ғ (one copy 
of each per ATP-synthase complex) were summed 
and compared with the genes for the а and В 
subunits (three copies of each per ATP-synthase 
complex). In twelve codon families (for the amino 
acids arginine, leucine, serine, threonine, proline, 
glycine, isoleucine, lysine, glutamic acid, aspara- 
gine, glutamine and phenylalanine) a strong pref- 
erence for particular codons and a clear avoidance 
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Fig. 13. Comparison of fractional usages of selected rare and 
abundant codons in the genes for a, В, y, 6 and є subunits of Е 
сой ATP-synthase with fraction usage of the same codons in 49 
Е. сой genes [65,67]. The straight line represents the mean Е 
colt usage Codons in genes for а (@); В (©); y + 8 + e(X). 


of others was noted. (In the remaining codon 
families no polarisation was observed and so these 
families were omitted from calculations.) This 
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allowed us to define two categories of codon 
*abundant' and 'rare' (see legend to Fig. 13). As 
observed previously abundant codons correspond 
to the most abundant iso-accepting tRNAs and 
vice versa. The abundance or rarity of a codon or 
tRNA does not, of course, tell us anything about 
the kinetics of the codon/ anticodon interaction; 
however, as Grantham et al. [65] have pointed out, 
the most abundant codons often have U or A in 
the variable third position, which could result in 
‘intermediate’ binding energies and a rapid 
turnover. Grosjean and Fiers [68] have emphasised 
that efficient translation requires содоп / anticodon 
interaction with intermediate strength (optimal en- 
ergy). In MS2 this is a strong influence in selection 
of synonymous codons. 

Fig. 13 shows a comparison of fractional codon 
usage for twelve amino acids in the genes for F, 
polypeptides compared with the fractional usage 
of the same codons in 49 published E. coli genes. 
The у, 6 and е genes seem to use codons in much 
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Fig. 14. Comparison of codon usage in gene 1 with other genes in unc operon using FRAMESCAN (see Fig. 4) [67]. 
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the same way as ап average Е. сой gene. Ву 
contrast, the codon usage in the genes for с and В 
subunits shows a statistically significant preference 
for the most abundant variant of the codons and 
conversely an avoidance of the rare ones [67]. So 
this analysis suggests codon usage may influence 
the rates of production of the Е, subunits. At our 
present level of understanding it does not provide 
a clear quantitative explanation for unco-ordinary 
in the genes for F, units. 

Another aspect of codon usage is the use of 
very rare codons, gene 1 being very remarkable in 
this respect. For example, it contains four AUA 
isoleucine codons and two CGG arginine codons 
(Table IV). This difference in its codon usage as 
compared with the rest of the unc operon is il- 
lustrated by the two FRAMESCANS calibrated 
for the a gene and gene 1, respectively. Gene 1 is 
not well detected in the former, and much of the 
rest of the operon is not clearly detected by the 
latter (Fig. 14). It has been suggested that genes 
that need not be highly expressed might have 
accumulated rare codons. Other examples are the 
genes for EcoRI endonuclease and methylase 
[69,70]. 


V. Interpretation of protein sequences 


А summary of the known functions of the 
various subunits of ATP-synthase is presented in 
Table V. 

In an attempt to understand more about the 
structure and function of the enzyme we have used 
a number of computer methods as an aid to inter- 


TABLE V 
FUNCTIONS OF ATPase SUBUNITS 


Subunit Function Reference 

« Nucleotide binding 97-99 

В Nucleotide binding, catalysis 4,85,97--99 

Y Gates proton channel 86,87 

6 Interacts with о and possibly b 83,87--90 

e Interacts with y and possibly b 36,83 

a Proton channel? part of 118 

b Proton channel/, binds F, 83,84 
membrane sector 79 

c Proton channel 


pretation of the protein sequences of the eight 
subunits [67]. These include a method described by 
McLachlan [71] employed to predict secondary 
structures for the Е, subunits and for the Е, sub- 
unit b, the majority of which appears not to be 
buried in the lipid bilayer. We have not applied it 
to the hydrophobic subunits a and c nor to the 
gene 1 product which is also hydrophobic. Experi- 
ence has shown that this and related methods that 
depend upon a database derived from globular 
proteins are unreliable and misleading when ap- 
plied to membrane proteins (e.g., they wrongly 
predict extensive В structures in bacteriorhodop- 
sin) Here we have preferred to inspect the se- 
quences in order to try and discern segments of 
sequence, for example, that might form a-helices 
to span the lipid bilayer (as in bacteriorhodopsin 
[72] and cytochrome oxidase subunit II [73]. These 
segments would typically contain about 25-30 
largely non-polar amino acids. This can form an 
a-helix sufficiently long to traverse a membrane 6 
nm thick [72,74]. These helical segments tend to be 
bounded by proline residues, and polar residues 
are most often found in the intervening segments 
near the membrane boundaries. Latterly, we һауе 
also applied to the membrane proteins a computer 
program HYDROPLOT using an algorithm de- 
scribed by Kyte and Doolittle [75] to calculate the 
hydropathy along the sequence. These calculations 
are consistent with assignments made by visual 
inspection. А third program, DIAGON (76), has 
been employed to search for internal protein se- 
quence duplications, to look for homologies be- 
tween subunits and in the case of the « and f 
subunits to search for homologies with other en- 
zymes that employ nucleotides in catalysis. The 
results of these calculations and conclusions based 
upon them are discussed in the following section. 


VA. Е, subunits 


ГА-1. Subunit a 

The largest F, subunit, a, is homologous to the 
mitochondrially coded ATP-synthase subunit 
A'TPase-6. Alignment of the four mitochondrial 
proteins with the E. coli subunit a (Fig. 5) dem- 
onstrates that homology is confined to the C- 
terminal region of the proteins, and no convincing 
sequence homology can be detected in the N- 
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Fig. 15. Hydropathy profiles of (A) E. coli subunit а compared 
with those of equivalent subunits from three mitochondria [67]. 
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terminal regions. Nonetheless, both bacterial and 
mitochondrial proteins have remarkably similar 
hydropathy profiles (Fig. 15) throughout their se- 
quences. That for the E. coli protein shows seven 
distinct hydrophobic regions I- VII; all except II 
have counterparts in the mitochondrial proteins. 
In the latter proteins, region ЇЇ appears to be less 
hydrophobic than in the bacterial protein. Regions 
I and III-VI are of lengths (27-28 residues) con- 
sistent with their being able to form transmem- 
branous a-helices and the mitochondrial proteins 
would be expected to be similarly folded. Region 
П is less clear. It is conceivable that it also could 
traverse the membrane, although this would place 
a number of charged residues within the bilayer. 
Alternatively, it could form an external loop near 
the surface of the membrane. An important conse- 
quence of this uncertainty is that it is not possible 
to decide if the amino and carboxyl terminals are 
on the same or opposite sides of the bilayer. 

Тһе bacterial protein also appears to be signifi- 
cantly longer than the mitochondrial homologues, 
on the basis of its gene sequence. However, until 
the amino terminal sequence of protein a has been 
established, uncertainty must persist about the sig- 
nificance of this extension in the bacterial ATP- 
synthase complex. 

А number of amino acids (underlined in boxes 
in Fig. 5) are conserved in all five proteins. Pre- 
sumably, they must be particularly important for 
structural integrity in making important contacts 
or for the function of the enzyme, or both. Of 
particular interest among these is glutamic acid-198 
(Fig. 5) which, according to the folding model 
(Fig. 16), would be within the bilayer possible able 
to contribute to proton translocation. Another re- 
sidue that conceivably could be important is Tyr- 
278, given that tetranitromethane and iodination 


'have been reported to abolish proton translocation 


[77,78]. Other conserved residues cluster in helices 
VI and VII and may be important in contacting 
conserved regions in other subunits. 





(B) Saccharomyces cerevisiae, (C) Drosophila melanogaster, (D) 
cow. The sequence 15 plotted along the horizontal axis. The 
vertical axis 1$ a measure of hydrophobicity [75] calculated with 
a span of 11. In (A) I and III-VII represent regions of 
sequence proposed to form transmembrane a-helices. 
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Fig. 16. Proposed path of polypeptide in E. coli subunit a [67]. The horizontal lines represent the extent of the lipid bilayer. Proposed 
transmembranous segments are plotted on a-helical surfaces with 3.5 residues per turn. The segments within the bilayer correspond to 
segments I and II-VII in Fig. 15. Segment II 15 shown here outside the membrane, but may also form a transmembrane helix (see 
text). Residues conserved in all species are boxed, charged residues within the bilayer are encircled 


Тһе model for bacterial protein a also places six 
acidic residues (Fig. 15) within but near to the 
surface of the membrane. However, this feature is 
not found in the mitochondrial subunit (ATPase-6) 
and so may not be of functional significance. 


VA-2. Subunit c 

Comparison of the sequence of E. coli subunit c 
with counterparts from mitochondrial and chloro- 
plasts (Fig. 17) demonstrates a wide sequence di- 
versity similar to that described above in subunit 
a. Although the proteins are clearly homologous, 
sequence is strictly conserved in only six places 
(see Fig. 17). However, residue 66 (Asp or Glu) is 
functionally most important; in the native com- 
plex this acidic residue reacts with DCCD [79], 
thereby blocking proton translocation. That a 
carboxyl moiety at this point is essential for pro- 
ton translocation has been emphasised by the find- 
ing that a substitution of aspartic acid to aspara- 


gine in the E. coli protein leads to a non-functional 
proton channel [80]. 

Evidence for the oligomeric nature of protein c 
is derived from inhibition experiments with DCCD 
and from measurements of radioactivity incorpo- 
rated into subunit c relative to other subunits. 
Sebald and Hoppe [79] estimate five to seven 
copies of the c subunit in the mitochondrial en- 
zyme complex and favour a hexameric arrange- 
ment. Recent measurements with the bacterial 
complex indicate 10 + 1 copies of c per complex 
[5]. An interesting observation is that modification 
by DCCD of a sixth of the total potential sites 
causes total inhibition of the enzyme. This can be 
interpreted as showing that the oligomer and not 
the monomer is essential for proton translocation. 
Other authors have suggested that subunit c folds 
into a hairpin structure іп the membrane (see [79]), 
an idea supported by the hydropathy profile (Fig. 
18). This illustrates that the sequence has two 
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Fig. 17. Comparison of the sequence of E. coh subunit с with counterparts from other sources, Bovine mitochondria, spinach 
chloroplasts, Neurospora crassa and Saccharomyces cerevisiae mitochondria, thermophile PS-3 and E. coli [79]. Conservative 
substitutions preserved in all species are boxed, identities are underlined. 


hydrophobic segments linked by a conserved hy- 
drophilic sequence containing proline. The other 
two conserved sequences are found in the middle 
of the two arms. The C-terminal arm may well 
form a transmembrane a-helix (boxed residues in 
Fig. 19) but the secondary structure of the N- 
terminal arm is more problematical. The alterna- 
tion of glycine and alanine residues is more remi- 
niscent of a fisheet than an a-helix. If so, the 
carbonyls and amides in the polypeptide backbone 
would need to accept and donate hydrogen bonds, 
preferably with another fi-sheet structure. This 
may be of greater significance when it is remem- 
bered that the enzyme complex probably contains 
6—10 copies of protein [5,79]. Six f-strands, for 
example, could form a #-barrel motif similar to 
that found in immunoglobulins and Cu/Zn super- 
oxide dismutase [81]. 

Loo and Bragg [82] have provided evidence that 
part of protein c is exposed in F, depleted mem- 
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Бір. 18. Hydropathy profile of subunit c of E. coli ATP-syn- 
thase [67]. 


brane. This site appears to be close to the Е, 
binding site and so is on the cytoplasmic surface 
of the membrane. It seems likely that this exposed 
region corresponds to the N- or C-terminal region 
(or both) or the proposed bend in the middle of 
the polypeptide chain. 


VA-3. Subunit b 

The sequence of the E. coli protein is very 
striking and shows it to be an amphiphilic protein 
[24]. It is hydrophobic around the N-terminus and 
highly charged in the remainder (Fig. 20). We have 
proposed a model in which the N-terminal seg- 
ment lies within the membrane and the rest out- 
side [83]. In this model the N-terminal region 
forms a single transmembrane a-helix making con- 
tacts with a and c. The extramembrane section 
contains two adjacent stretches of 31 amino acids 
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Fig. 19. Path of the polypeptide in Е сой ATP-synthase 
subunit c. (A) The hydropathy profile suggests a hairpin struc- 
ture with N- and C- terminals on the same side of the mem- 
brane. (В) Residues 18-33 are drawn as a single strand of a 
В-вһееі. (C) shows the C-terminal part plotted on an a-helical 
surface. Residues in boxes are conserved. The encircled aspartic 
acid residue is that modified by DCCD. 
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Fig. 20. (a) Amino acid sequence of subunit b and its predicted 
secondary structure. The secondary structure is predicted from 
the primary sequence using a program described by McLachlan 
[71]. The boxes under the sequence show probabilities (vertical 
scale) of residues forming an a-helix (6), B-sheet (О) or 8-Ђепа 
(А). Boxed sequences represent related sequences (the long 
repeat); underlined segments in the second box are also related 


to each other (the short repeat) (b) Hydropathy profile оѓ 


subunit b. 


of related sequence (the long repeat); within the 
second of these a further internal homology has 
been detected (the short repeat, see Fig. 21). It is 


proposed that these duplicated stretches of poly- 
peptide fold into two a-helices with many common 
features able to make contacts with F, subunits. It 
would be expected to make important contacts 
with the 6 and e subunits in particular, since it is 
known that they are required for binding of F, to 
Ку. The amino acid compositions of these interact- 
ing segments in b support the view that their 
interactions with F, will be a-helix rather than 
a-helix to B-sheet. This is consistent with the high 
a-helicity of ó proposed from optical measure- 
ments of the subunits from thermophile PS3 F,- 
ATPase and also predicted from its primary se- 
quence (see below). Hoppe et al. [84] reported that 
E. coli protein b in F,-depleted membranes is very 
sensitive to proteolytic degradation and F, pro- 
tects b in these membranes from proteolysis. Addi- 
tionally, a photoreactive hydrophobic phospholi- 
pid derivative reacts with Lys-21. These experi- 
ments support the model for b proposed above. 

Thus, protein b appears to occupy a central 
position in the ATP-synthase complex in provid- 
ing a structural link between Е, and F). In this 
position it may also be important in H* transloca- 
tion as well as in biosynthetic assembly. 


VB. F, subunits 


The functional properties of F, subunits have 
been discussed recently by Fillingame [4] and are 
summarised in Table V. Briefly, « and В both 
contain nucleotide binding sites. It has been sug- 
gested that B contains the catalytic sites of the 
enzyme (evidence summarised by Futai and 
Kanazawa [85]). However, point mutations in а or 
В result іп loss of ATPase activity, and so а also 
plays an important role. This is emphasised by the 
finding that the sequences of а and В are homolo- 
gous and therefore will have very similar protein 
folds. In the following section we discuss the sig- 
nificance of this homology and describe attempts 
to delineate sequences important for binding 
nucleotides. 

On the basis of protein sequences little can be 
said either about the role proposed for y as a gate 
for H* flux [86,87] or about its function as an 
organiser of assembly of y and В subunits [86]. 
Both 6 and г are required for binding Е, to Е, and 
in Thermus PS3 bind in an unordered sequence to 
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Fig. 21. Alignment of repeated sequences in protein b. (a) The long repeats, (b) the short repeats; identities are boxed. In (а), the 14 
residues conserved in (b) are encircled; of these, four residues are conserved in both (a) and (b). 


aBy to form Е now able to bind to Е [87-90]. 
This function is discussed below in relation to the 
way in which they may interact with the Е, subunit 
b. 


VB-1. a and В subunits 

The importance of the В subunit in the F,- 
ATPase complex: is emphasised by the high degree 
of sequence conservation between E. coli bovine 
mitochondria and maize and spinach chloroplasts 
(see Fig. 22 and Table VI) These include con- 
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served residues identified in chemical labelling 
studies as being important in catalysis. Thus label- 
ling of Tyr-385 (see Fig. 22) of the bovine enzyme 
with p-fluorosulphonyl [!^C]benzoyl-5'-adenosine 
inactivated Е-АТРазе [91]. Тһе F;,- ATPase is also 
inactivated by DCCD. In the bovine enzyme, the 
label was located at Glu-215 [92]; the label in TF, 
inactivated with DCCD was localised to a glutamic 
acid residue in a peptide identical to residues 
200—205 of the E. coli protein [93]. 

Sequence studies of the bovine а subunit show 













60 
GRDTAGQPMNVTC 
SRDTADKQINVTCI 
GRETR----- 
NGNER----- 
160 
1 Lally АССИ] 
т АРКАН 
АРУАКССКИСЬЕССАСУСК 
tik vir РАКССК 


Fig. 22. Alignment of sequences of В subunits of ATP-synthase from E. сой [25], bovine mitochondria [40] and maize [109] and 


spinach [110] chloroplasts. 
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Fig. 23 Сотрапзоп of the sequences of the а and В subunits 
from E. сой ATP-synthase [94]. Spans of 19 were used in the 
calculation with DIAGON. 


that it also is very similar to its bacterial counter- 
part (Tybulewicz, V.L.J. and Walker, J.E., unpub- 
lished data). 

In contrast, the homology detected between E. 
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Fig, 24. Alignment of E. сой ATP-synthase « and В subunits. 
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сой а and В subunits [94] is weak (Fig. 23). It 
persists throughout most of their peptide chains 
but is strongest from residues 101-208 (Fig. 24). 
This homology was not wholly unexpected: anti- 
bodies raised to purified f subunits cross-reacted 
also with а subunits (Gay, N.J., unpublished data), 
and the similarity of amino acid compositions of а 
and B had led Harris [95] to postulate sequence 
similarity between the two proteins. 

Studies of other classes of protein, e.g., cyto- 
chromes c, globins [96] indicate that proteins with 
related sequences have similar folds. So it is rea- 
sonable to expect that а and В will also conform to 
this rule. Their secondary structures predicted from 
primary sequences are not entirely concordant, but 
are generally very similar and support this idea 
(Fig. 25). 

Since a and f have related sequences, and 
probably a common fold, it is highly likely that 
they will have common functions. The best defined 
biochemically is that they both bind adenine 
nucleotides (for reviews see Refs. 97-99). Тһеге- 
fore, we have tried to identify sequences in а and 
B that contribute to nucleotide binding by com- 
parison of their sequences with other proteins that 
employ ATP in catalysis [94]. In this search we 
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used DIAGON to look for the most similar re- 
gions between pairs of proteins. In this way we 
detected related sequences in а, В and adenylate 
kinase. Importantly, the sequences in adenylate 
kinase form part of the AMP binding pocket [100]. 
Related sequences were also detected in a number 
of other proteins (Table VI) including myosin in 





the 25 kDa peptide. This peptide forms part of the 
S, head [101]; chemical labelling studies and pro- 
teolysis studies have implicated sequences in it as 
being important for binding ATP (Ref. 102; see 
also Yount, R., personal communication). In a 
third example, phosphofructokinase, the related 
sequences also form the part of the catalytic site 





10 

08 

.. 06 
o 90000 . ... Ы 009000 .... • о . .. 

94 бо жегеоо * о botons »60000900 . . © о € а-04 
... .. *o* ana ... oos . и easan ... е ef ae 

O24 € s... .... aes о одо0ови ва oe . = ве ооо о о .. ss ва ошооо 02 

өз mee ач 
004% 



























AVEATAPGVIEROSVOUQPVOTGYKAVOSMIPIGRGORELITGORQIGKTALATOA 
еегееесевевеовбвеееовиеоеәевевйве әгегееееееееяяоооосоооооооевееявие 
10 10 
08 08 
we 
ов .. P 06 
. в и e ете о 65060660606 se . 600000000 os 
94 папке v а ес овевов в зоне то * .. • oo eeeceses в о4 
= Фобос ния ив отг#оодов тетин ва и *"EOOGODO 59... FOE oo . 
92 а 200 *"*"00 oosscoss ж coomes вое ee ate Bo sor02 
оо о - оо 
ы meii SS T Ы nu 90 
по Ro E мо ко жо ғ во 0 ж 



































ETORGDVSATVPTNVISI 


VNAEYV WGKTOSLTALP Л; М 
оосоооооооооооооеЯниаеееевеееоооедечегвевебеееоевеввчоеевеесеабееееево әееесегитеевагаессоосососооовиФеееооосодо 


.... 06000000 
• о ос 000000000000 ооо 06 
е o oo o 000000 о ооо ы оо 

oe o ооо o ....о .. = = оо» 04 

.оооо oe ensssesesnee + . aeos он новое еее 
ооо ваа "...... пазаве о ** Suseeeases . з . * 02 

.. anne e000 ae see 
* со 
ШШЕ alo 5 
25 250 260 20 














10 10 
084000 o ов 
о о ose 4.4. о 
06 о 9000 ... ое О .. ооо оо ов 
oo "259222224 oo . . ... epess * Ф о оо 
094 " ee • . ef Овеәееәге .. о “42... 04 
soco SAR OR RHA Ae осо snoop сев s жассо обе. жа . п 8 e . .. 
02 an o^cco»s . я.соссина w sa овоот we это а ооо зе... sunter 
o 
90 ә о 
эю 320 330 20 39 77750 
































T ТАКО LUKORQYAPMSVAOQSLVLFAAERGYLADVE LSKIGS 
00000000000000000000000000000000000000000000000600000000 
ооо 
ооо о оооооооо 
“-"-ооооо оо о оо ооооо 
о ооо 9909 00000 
ооо 
.. . 
Фееговавяваяав өс. eee aon .. ухо ооо ино оо ооо пион и оогоо ооо W"^"nauevese в 
ж ues as ва LJ я 
. 
= — ——— — = 
an 420 430 440 450 460 


хофезооя 
тазаяо 





Fig. 25. Secondary structures of E. coh ATP-synthase а and В subunits predicted from primary sequence by McLachlan’s method [71]. 
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believed to bind. ATP [103]. specific sites. One is in the vicinity of lysine re- 

The homologous sequences in « and f detected sidues 317 and 318 in the bovine enzyme, the other 
in this study (listed in Table III) clearly are not the is in the amino terminal arginine peptide (residues 
only residues involved in binding adenine nucleo- 11-22 in Fig. 22c). The region corresponding to 
tides. This is illustrated by a recent photoaffinity N-terminal region of the bovine В protein is largely 


labelling study of F,-ATPase with 8-azido ATP absent from the bacterial enzyme. It can be re- 
and 8-azido ADP [104]. Under particular condi- moved from the bovine protein by limited proteol- 
tions the label can be localised predominantly ysis of BF, (Walker, J.E., unpublished data) and so 


(about 8595) on the B subunit and causes total appears to be an exposed tail presumably able to 
inactivation of ATP hydrolysis [105]. Excess of be near the nucleotide binding site of the enzyme. 
ATP protects against reaction. By chemical de- It is not inconceivable that it could be involved in 
gradation the label has been localised in two binding the inhibitor protein. 
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TABLE УП 


COMPARISON OF SEQUENCES ОЕ SUBUNITS ОЕ АТР- 
SYNTHASE FROM Е. COLI WITH THOSE OF BOVINE 
MITOCHONDRIA AND CHLOROPLASTS 


References: bovine В [40], chloroplast В and ғ [109,110], bovine 
a [123], bovine c [79], chloroplast c [79]. 


Subunit Percentage identity 


Е. сой and mitochondria Е сой and chloroplast 


p 70 65 
E - 25 
a* 24 - 

21 - 


ж Тһе bovine mitochondrial subunit a 15 encoded іп mt-DNA 
and is known also as the ATPase-6 protein. Whilst the region 
coding for this protein has been identified (by homology 
with the yeast gene [124], the N-terminus of the mature 
protein has not been established, and which of two possible 
Bene starts 1s actually used remains unknown. In this calcula- 
tion we have used the gene start point suggested by Ander- 
son et al. [123]. 


VB-2. y, 6 and e subunits 

Their predicted secondary structures (Fig. 26) 
are consistent with estimates of a-helicity based 
upon optical measurements of isolated TF, sub- 
units [106]. The high a-helical content of the ô 
subunit is particularly interesting in relation to 
subunit interactions with the b protein. 

Also of significance is the sequence homology 
between the C-terminal region of e, which appears 
to be a-helical and the repeated sequences in pro- 
tein b (Fig. 27). Given stoichiometries of ғ, Б, this 
means that the Е.Е, assembly probably contains 
five structurally related helices in the region of 
interaction between Е, and F. 

Small regions of homology between ү and ғ are 
also apparent but their significance is obscure. 
There is, however, no evidence for extensive ho- 
mologies between the у, 6 and e subunits. 


VB-3. Subunit equwalence 

Equivalence of subunits with the same names 
(a—e) in E. сой and mitochondria is often assumed 
despite considerable size differences between the 6 
subunits and between the е subunits. 

Sequence analysis has shown that the 6 subunits 
are not related to each other and so are probably 
not equivalent in function. Similarly, е subunits 


are probably non-equivalent [107]. The available 
sequence information suggests that the counterpart 
of the E. coli 8 subunit is the bovine mitochondrial 
oscp, a basic protein known to play an important 
part in binding Е, to Е, (Fig. 28) (see Ref. 6). The 
bacterial 6 subunit has a similar role [1]. It is 
noteworthy that rat liver Е, and bovine F, have 
been prepared with six subunits [108]. The extra 
subunit in the rat liver enzyme has a molecular 
weight of 26500 and has properties in common 
with the bovine oscp. Complexes diminished in ô 
have been prepared from E. coli [87] and chloro- 
plasts [8]. So it appears that the partitioning of the 
ô subunit in Е. coli and chloroplasts or of the oscp 
in bovine heart (and other) mitochondria during 
extraction of Р, is dependent upon the experimen- 
tal conditions. 

The counterpart of bovine 6 is probably E. coli 
г (Fig. 29). Recently, the sequences of a protein 
homologous to Е. coli г has been determined by 
sequence analysis of fragments of DNA isolated 
from maize [109] and spinach [110] chloroplasts 
(Fig. 30). By protein sequence analysis the wheat 
chloroplast г protein has been shown to be ho- 
mologous to these sequences providing confirma- 
tion of their identification as СЕ, в subunits 
(Fearnley, I.M., Howe, C.J., Gray, J.G. and 
Walker, J.E., unpublished data). Comparison of 
the sequences of the bacterial and chloroplast в 
proteins (Table VIT) shows that they are much less 
conserved than the В subunits from the same 
species. 


VC. Assembly 


VC-I. Gene order and assembly of ATP-synthase 
The order of genes in the unc operon 1$ striking. 
It is related to the structure of ATP-synthase in so 
far as genes for Е, components a, c and b are 
clustered at the promoter proximal end and are 
followed by genes for F, subunits in the order 
5:a: ү: В: г. It is noteworthy that the order 8: = 
is also found in chloroplasts [107,108]. Clustering 
of genes with related functions is a feature of the 
genetic maps of coliphages (T4, lambda and other 
phages [111]; in lambda [112], morphogenetic 
genes for head proteins form a cluster adjacent to 
a cluster for tail genes; in T4, genes for baseplate 
head and tail also form clusters. It has been sug- 
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Fig. 26. Secondary structures of E. сой ATP-synthase y, 6 and є subunits calculated from primary sequences as іп Fig 22. 
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gested that these gene clusters might reflect the 





Subunit Residues И 5 
evolutionary origin of present day assembly genes 
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clustering could reflect the selective advantage of 
ЕН р dmi" оне minimising recombination between genes for pro- 

: bad ru. T sb: UR 8 Oma teins that interact structurally so as to decrease the 
probability of non-viable hybrids in interstrain 
1m Е 108-19 s "ERES: ` TEI matings [113-115]. In lambda, the similarity be- 
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assembly (J, 1, Г, К, H, G, M, V, U, Z) and the 
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Fig. 27. Homologies between minor subunits of Е сой ATP- arrangement of genes in the lambda genome 
synthase [67]. (J, I, K, L, М, H, С, Г, U, Z) is a particularly 
Protein Residues Sequence 


(a) E. coli 6 1-30 MS EfFlitv Py alkAlafjiorflveunsi[velrwoo... 
osep 1-37 FAKLVRPPVOQrIÍYGIO АТА |у БАЈА 5 КОМКЊЕОМУЕК. .. 
(6) E. coli 6 143-177 IDKlVMAGVIIBNAGDMVÍIDGÍIvVRHGRLERLADVLOS 
oscp 1'-37' LDPISIMGGMIVRIGEK YWDMISAKTKIEKLSRAMRQTL 
Fig. 28. Homologies between E сой 6 subunit and bovine mitochondrial oligomycin sensitivity conferral protein of Е, F, ATPase [107]. 


In (a) the N-terminal sequences and in (b) the C-terminal sequences are aligned. Identities and conservative substitutions are boxed. *, 
deletion. Sequences of E. сой в are from [25] and oscp from [130]. 
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Fig. 29. Homology between the Е. сой в subunit and bovine mitochondrial 8 subunit of Е.Е, ATPase. *, deletion. 


* 





60 
a) MA TYH D е сона CHE QVTGSEGEL ІҮ G awa ree МТЕ ПУКОНСНЕ 
b) тын с Е эы ішетмебісі(іуі ЖЕЛЕ ILÍIRIRL*NDQW 
с) кому мМьт еі Ie iLsTNSlgjorijjvrni|jNigAP|riN|pA У ОМЕЈРЕЕ JRDLLNDON 
j 80 100 120 
а} ЕРТУ G 1 VQPGNVTV ADT IR LEAR МЕАКЕКИ EHISSSH DVDYAQ SA 
b) LTLA MG Е IGNNEITI VND ER 5 QOTLEI ANLRKAE KRQRIE NL 
c) LTAV ws P RI NNEIII GND EL ЗОТОРЕЕ ООАҺЕІТ FIANLSKAE ТКЕШУЕ KL 
139 
a) E AK IAQL Ут LTKKAM 
b) A RR RTRV AS TISS 
c) A RR RIRV А WIPPSN 


Fig. 30. Alignment of e subunits of ATP-synthase [67]. (a) E. сой, (b) spinach chloroplast [110], (c) maize chloroplast [109], 
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good example in support of this idea. A Шиа 
possibility is that proteins that interact with each 
other are synthesised near to each other in the cell 
[112]. All of these possibilities also apply to the 
unc operon. For example, evolutionary relation- 
ships between genes are apparent, a being related 
to B (see Fig. 24) and related sequences being 
present in 6 and e, and = and b (see Fig. 27), and 
evidence has been presented for interaction be- 
tween subunits from all adjacent pairs of genes in 
the unc operon. However, the gene order is not in 
accord with the order of action of gene products 
proposed by Cox et al. [18], summarised in Fig. 31 
and discussed below. A fourth explanation for the 
gene order in the lambda morphogenetic locus was 
advanced by Parkinson [116], namely that the 
genes might be arranged in such a way that their 
temporal sequence of expression would parallel 
their requirement during morphogenesis. Subse- 
quently, in lambda, this explanation was dis- 
counted [112]. The sequence of assembly proposed 
by Cox et al. [18] suggests that the first events are 
association of В and then a with the membrane 
already containing a. Only after association of one 
« subunit and one f subunit can b enter the 
membrane. This is based upon the finding that a 
mutant in the c subunit did not contain b in its 
membranes. Mutants in the a subunit exerted a 
similar effect. An alternative interpretation to these 
results is that in the absence of a or В, Е, cannot 
assemble and that incorporation of b is dependent 
upon an assembled Е. F) assembles subsequent to 
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Fig. 31. Proposed sequence for assembly of E. сой Ғ.Е, ATPase. 
The mutant allele number a strain number indicates the point 
at which assembly 15 interrupted in particular strains. Terminal 
stages are tentative [18]. 
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this event. A further В subunit is then added. у, 6 
and e associate with the 28:1 structure before 
addition of further о and В subunits. The terminal 
stages of the pathway are described as tentative 
[14]. 


VC-2. Does gene 1 product influence assembly? 

Although the region of the unc operon called 
gene 1 [24] has the characteristics of a gene (dis- 
cussed in Section IIIA) convincing in vivo evi- 
dence of the gene product is still lacking. Also, the 
gene does not hyper-express when cloned into an 
expression vector [34,42]. Schneider and Altendorf 
[117] have demonstrated the presence of small 
amounts of a 14 kDa protein in preparations of F, 
and have suggested that it might correspond to 
gene 1 product. However, protein sequence infor- 
mation to confirm this suggestion is lacking at 
present. 

These difficulties notwithstanding it is possible 
from the putative gene sequence to make predict- 
ions about the structure of its gene product. The 
protein would have a net positive charge of +11 
although the protein overall is rather hydrophobic. 
Analysis of its sequence with HYDROPLOT (Fig. 
32) suggests the presence of transmembrane a-heli- 
cal segments and a folding pattern based upon this 
has been proposed [67] (see Fig. 32). This specula- 
tive model is of a membrane protein in which the 
positive charges cluster to one side of the mem- 
brane. On the basis of these criteria it was sug- 
gested that the protein might fulfil a role in assem- 
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Fig. 32. Hydroplot of putative protem derived from gene 1 [67]. 
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Fig. 33. Possible secondary structure for gene 1 product [67]. 
For details see legends to Fig. 16. 


bly by providing a site to anchor the инс transcript 
near to its 5’ end, such that the F, polypeptide 
might be produced near to each other and to the 
membrane. it is envisaged that would aid efficient 
assembly of the enzyme; this might be important 
for the organism under difficult growth conditions. 
This model has little experimental basis. However, 
a deletion mutant (SD42) of gene 1 was con- 
structed [42] (see subsection IIIA) for which a 
clear phenotype has not been found. However, its 
reduced growth yield in comparison with wild type 
is consistent with a role in efficient assembly of 
the enzyme complex. 


УІ. Conclusions and future prospects 


No unc ATPase mutants in E. сой have been 
shown to map to regions of the E. coli chro- 
mosome other than the unc operon. Therefore, an 
important conclusion derived from the sequence 
analysis of the unc operon is that the Е. coli 
ATP-synthase complex contains eight subunits 
only. For reasons discussed above, it is unlikely 
that gene 1 codes for a structural protein. In this 
respect, the enzyme appears to differ from the 
mitochondrial and chloroplast enzymes, which ap- 
pear to be more complex. From work discussed 
above, it is becoming clear that the mitochondrial 
enzyme apparently has no counterpart to its в 
subunit. In addition, associated with the 
mitochondrial enzyme is the inhibitor protein, 
which has a defined physiological role in 
mitochondria and other low molecular proteins. 
Тһе best characterised of these is factor 6, al- 
though its function is rather unclear. Given that 
the E. coli enzyme can function satisfactorily with 
eight subunits, a major task will now be to define 


the role (if any) of the extra subunits in prepara- 
tions of the mitochondrial complex. 

The sequences of the ATP-synthase complex 
are also important in the context of studies on the 
structure and function of the enzyme, which ulti- 
mately should provide a better understanding of 
how the enzyme works. 

The ease ‘of manipulation of the E. coli unc 
genes also provides a means of introducing site-di- 
rected mutations into the proteins and offers the 
prospect of making large quantities of wild-type 
and mutant enzymes. In addition, site-directed 
mutagenesis should be an important tool in the 
dissection both of the assembly of the enzyme 
complex and of the regulation of expression of unc 
genes, both poorly understood at present. 
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EDITORIAL 


Since the 1982 Editorial by the Board of 
Managing Editors of Biochimica et Biophysica Acta 
{1], there have been a number of alterations in the 
Board’s composition. Because of other duties, M. 
Gruber and R.A. Flavell retired in 1982 and 1985, 
respectively. In this period, the team was joined by 
Р. Borst (1982) and К. van Dam (1985). Further- 
more, P.W.J. Rigby was appointed as a (second) 
Managing Editor of BBA Reviews on Cancer. In 
1983, L.L.M. van Deenen succeeded Е.С. Slater as 
Chairman. 

Following his retirement from the Chair of Bio- 
chemistry at the University of Amsterdam, E.C. 
Slater has decided to reduce his activities on be- 
half of Biochimica et Biophysica Acta from 1986 
onwards. In 1957, E.C. Slater joined the founder 
of Biochimica et Biophysica Acta, H.G.K. Westen- 
brink, and has been largely responsible for the 
successful development and functioning of the 
Journal for nearly three decades. Fortunately, Dr. 
Slater has agreed to accept the appointment of 
Honorary Managing Editor and in that function 
he will continue to advise the Journal. 

In 1986, E.P. Kennedy, Professor in Biological 
Chemistry at Harvard University Medical School, 
will also assume the position of Managing Editor 
for Bióchimica et Biophysica Acta. Manuscripts can 
now also be submitted to the new office in Boston, 
МА, U.S.A., at the address given below, thus 
extending the number of BBA offices to four 
receiving centres (Amsterdam, Boston, Dundee and 
Oxford). The experience of the past three years has 
demonstrated that decentralization facilitates the 
contact between authors and Managing Editors, 
and allows potential authors the advantage of 
more choice when submitting papers. Authors 
should send their manuscripts (four copies) to one 
of the Managing Editors at the following addres- 
ses: 


Dr. P. Borst, c/o BBA Editorial Secretariat, P.O. 
Box 1345, 1000 BH Amsterdam, The Netherlands. 


Dr. Р. Cohen, Department of Biochemistry, Medi- 
cal Sciences Institute, University of Dundee, 
Dundee, DD1 4HN, United Kingdom. 


Dr. K. van Dam, c/o BBA Editorial Secretariat, 
P.O. Box 1345, 1000 BH Amsterdam, The Nether- 
lands. 


Dr. L.L.M. van Deenen, c/o BBA Editorial 
Secretariat, P.O. Box 1345, 1000 BH Amsterdam, 
The Netherlands. 


Dr. Е.Р. Kennedy, c/o BBA Editorial Secretaniat 
(Boston), Box C 9123, Brookline, MA 02146, 
U.S.A. 


Пт. G.K. Radda, Department of Biochemistry, 
University of Oxford, South Parks Road, Oxford, 
OX1 3QU, United Kingdom. 


As previously announced [2], the section Molec- 
ular Cell Research includes a subsection covering 
papers dealing with investigations of hormones 
and neurotransmitters at the molecular level. In 
order to avoid confusion with existing journals for 
both authors and abstracting services, this subsec- 
tion is now renamed: Hormone and Neurotrans- 
mitter Action. The scope of this subsection encom- 
passes articles in the fields of receptor structure 
and function, transmembrane signalling systems, 
biological action of second messengers, and pro- 
tein phosphorylation. 
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Immunological identification of rat tissue kallikrein cDNA and characterization 
of the kallikrein gene family 


William L. Gerald *, Julie Chao” and Lee Chao ** 


Departments of ^ Biochemistry апа” Pharmacology, Medical Uniwersity of South Carolina, Charleston, SC 29425 (ИЗ А) 


(Received August 12th, 1985) 


Key words: Kallikrein gene, CDNA; Nucleotide sequence, (Rat) 


A tissue kallikrein cDNA was identified by direct immunological screening with affinity-purified anti-rat 
tissue kallikrein antibody from a rat submandibular cDNA library constructed with the expression vector 
pUCS8. Sequence analysis of the kallikrein cDNA revealed an encoded protein 97% homologous to the partial 
amino acid sequence of rat submandibular kallikrein. This CDNA was used to hybrid-select kallikrein-specific 
RNA from submandibular gland. Translation of the hybrid-selected RNA in a cell-free assay system resulted 
in the production of a 37 kDa peptide representing the preproenzyme. In addition, hybrid-selection of RNA 
under less stringent conditions showed cross-hybridization with other submandibular gland mRNA species. In 
correlation with these results, analysis of rat genomic DNA showed extensive hybridization, suggesting a 
family of closely related kallikrein-like genes. Consequently, a Charon 4A rat genomic library was screened 
for kallikrein genes by hybridization with rat tissue kallikrein cDNA. Thirty-four clones were isolated and 
found to be highly homologous by hybridization and restriction enzymes analyses. Fourteen unique clones 
were identified by restriction enzyme site polymorphisms within DNA segments which hybridized to the 
kallikrein cDNA probe and it was estimated that at least 17 different kallikrein-like genes are present іп the 
rat. Sequence and structural analysis of one of the genomic clones revealed a gene structure similar to that of 
other serine proteinases. Comparison of the partially sequenced exon regions of the gene with the sequence 
of rat tissue kallikrein cDNA reveals 8975 identity when aligned for the greatest homology. However, the 
genomic sequence predicts termination codons in all three translational reading frames, implying that this 
gene is nonfunctional, i.e., а pseudogene. Comparison of the rat genomic sequence to a kallikrein-like gene 
from the mouse reveals extensive preservation of exons, less identity within introns and no significant 
homology between extragenic regions. 


Introduction active kinin peptides from kininogen substrates by 
limited proteolysis [1]. Kallikreins have been found 
in diverse tissues such as kidney [2], salivary gland 
[3], pancreas [4], gastrointestinal mucosa [5], and 
recently in brain [6] and spleen [7]. Kallikrein from 
any one organ within a species 15 nearly identical 


to the enzyme at any other organ within the same 


Tissue kallikreins (EC 3.4.21.8) are serine pro- 
teinases which are able to generate biologically 


* 'To whom correspondence should be addressed at: Depart- 
ment of Biochemistry, Medical University of South Carolina, 
171 Ashley Avenue, Charleston, SC 29425, U.S.A. 

Abbreviations. SSC, 0 15 M NaCl, 0 015 M sodium citrate, pH 

7.0; Pipes, 1,4-piperazinediethanesulfonic acid 


species; however, isozymes are recognized [8] and 
may represent either different protein modifica- 
tions or separate gene products. Quantitatively, 
the level of kallikrein differs markedly from tissue 
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to tissue [9] and seems to be differentially regu- 
lated by hormones [10]. 

Structural, antigenic and functional similarities 
exist among tissue kallikreins and several other 
serine proteinases such as epidermal growth factor 
binding protein, y subunits of nerve growth factor, 
tonin, y-renin and esterase А [11-14]. In addition, 
several other closely related serine proteinases have 
been predicted to exist by sequence analysis of 
cDNA molecules and genes [15-19]. Interestingly, 
these molecules are found to have extensive amino 
acid sequence homology and vary at amino acid 
residues implicated in substrate specificity [20]. 
Thus it appears that these enzymes have different 
specificity with regard to the zymogen substrate 
while maintaining the structure and function of 
the charge relay system of the serine proteinases. 
This has led to the popular concept of a serine 
protemase subfamily of kallikrein-like enzymes 
which fucntion to process inactive precursor pro- 
teins to produce biologically active peptides by 
highly specific proteolytic cleaveage [18]. In ad- 
dition, recent investigations have shown that kal- 
likrein is a member of a large multigene family in 
the mouse [18]. The complexity of the kallikrein 
gene system and its tissue-specific regulation poses 
interesting questions concerning the evolution, 
structure and function of kallikrein-like genes and 
gene products. We describe here the isolation and 
analysis of a cDNA molecule corresponding to rat 
submandibular kallikrein and we have used this 
molecule to isolate a Јагве group of closely related 
but non-identical kallikrein-like genes from the 
rat. А more detailed analysis of one member of 
this group reveals strong conservation of sequence 
in the presence of significant alteration in coding 
capacity. 


Experimental procedures 


RNA isolation, cDNA synthesis and cloning. 
Organs were removed from anesthetized Sprague- 
Dawley rats, rapidly frozen in liquid nitrogen and 
then pulverized with a mortar and pestle. Total 
RNA was prepared from the homogenate by the 
guanidinium thiocyanate extraction procedure [21] 
and polyadenylated RNA was isolated by two 
cycles of chromatography on an oligo(dT)-cel- 
lulose column. DNA complementary to rat sub- 


mandibular gland poly(A)* RNA was synthesized 
by using Avian Myeloblastosis virus reverse tran- 
scriptase in a reaction mixture containing 100 
ng/ml poly(A)* RNA, 100 mM Tris-HCI (pH 
8.3), 10 mM МӘСІ,, 140 mM KCl, 100 pg/ml 
оһро(аТ), уз, 20 mM 2-mercaptoethanol, 500 
units/ml RNAase, 1 mM each of dATP, dTTP 
and dGTP, 0.5 mM dCTP, 100 pCi [a-?P]dCTP 
and 800 units/ml reverse transcriptase. Incubation 
was carried out at 42°C for 2 h. Sodium EDTA 
and sodium hydroxide were added to 0.02 M and 
0.05 M, respectively, and the solution was heated 
to 65°C for 1 h to hydrolyze RNA. The solution 
was neutralized by adding Tris-HCl (pH 8.0) to 
0.1 М and HCI to 0.02 М. Complementary DNA 
was separated from unincorporated dNTPs by gel 
filtration on Sephadex G-50 in spun column chro- 
matography [22]. The second strand was synthe- 
sized using the same conditions as for first-strand 
synthesis with the omission of oligo(dT). Single- 
stranded DNA was digested for 20 min at 37°С 
with 50 units S, nuclease in a volume of 0.1 ml 
containing 0.2 M. NaCl, 0.05 M sodium acetate 
(pH 4.5), 1 mM zinc sulfate and 5% glycerol. 
Staggered ends were filled in by incubating 100 ng 
of cDNA with 2 units of Klenow fragment of 
DNA polymerase I in 0.05 M Tris-HCl (pH 7.4), 7 
mM МЕСІ, 1 mM dithiothreitol and 150 nM of 
each dNTP for 1 h at room temperature. The 
blunt-ended cDNA molecules were phosphory- 
lated with T, polynucleotide kinase. 50 ng of 
cDNA were ligated to 1 ug of Smal-cleaved, 
bacterial alkaline phosphatase-treated pUC8 [23] 
using Т, DNA ligase. The reaction contained 50 
mM Tris-HCl (рН 7.4), 10 mM MgCl, 10 mM 
dithiothreitol, 0.25 mM spermidine, 1 mM ATP, 
50 pg/ml bovine serum albumin and 5 units of 
ligase. Incubation was carried out at 12?C for 14 
h. The ligation reaction mixture was used to trans- 
form Escherichia coli JM83 [23]. 

Immunological screening of cDNA library. Im- 
munological screening was carried out by a mod- 
ification of the method of Helfman et al. [24]. 
Following lysis of colonies on nitrocellulose filters 
and incubation with lysozyme and DNAase, the 
filters were rinsed twice for 15 min each. with 
Tris-buffered saline (50 mM Tris-HCl (рН 7.5), 
150 mM NaCl). The filters were then incubated 
for 2 h at room temperature with affinity-purified 


rabbit anti-kallikrein antibody (5 pg/ml) in saline 
plus 3% bovine serum albumin. Filters were washed 
for 30 min with saline, twice for 30 min each time 
with saline containing 0.5% Nonidet P-40 and 
once more with saline for 30 min. The filters were 
then incubated for 1 В with 100 ml of 3% bovine 
serum albumin in saline containing 1 . 107 cpm of 
P5L.]abeled protein A [6]. Final washing was car- 
ried out with 50 mM Tris-HCI (pH 7.5), 150 mM 
NaCl, 5 mM EDTA, 0.1% sodium dodecyl sulfate, 
0.5% Triton X-100 and 0.25% gelatin for 2 h twice. 
The filters were dried and used to expose radio- 
graphic films. 


Hybrid-selected translation assay. 20 ug ОЁ 


single-stranded DNA from M13 bacteriophage 
were dissolved in water at a concentration of 0.5 
mg/ml and heated to 100°C for 10 min. The 
solution was rapidly chilled on ісе-апа NaOH was 
added to 0.5 M. After incubation at room temper- 
ature for 20 min, the solution was neutralized by 
the addition of Tris-HCl (pH 8.0) to 0.15 M, 
concentrated НСІ to 0.33 M, NaCl to 0.33 M and 
sodium citrate to 0.1 M. The neutralized DNA was 
spotted onto l-cm? strips of nitrocellulose filter 
paper and the filters were allowed to dry. The 
filters were washed twice with 6 x SSC, ‘dried in 
room air and then baked for 2 В at 80°C in a 
vacuum oven. 

For hybridization of RNA, the filters were 
boiled in water for 1 min and then placed in 
50-100 ul of hybridization solution which con- 
tained 100—200 pg/ml total tissue RNA, 65% 
formamide, 20 mM pipes (pH 6.4), 0.2% sodium 
dodecyl sulfate, 0.4 M NaCl and 100 pg/ml yeast 
tRNA which had been heated to 70?C for 10 min. 
Hybridization was carried out for 3 h at the tem- 
perature indicated in the figure legends. Following 
hybridization the filters were washed 10 times with 
a solution containing 10 mM Tris-HCl (рН 7.6), 
0.15 M NaCl, 1 mM EDTA and 0.5% sodium 
dodecyl sulfate at 65°С, then twice with the same 
buffer without sodium dodecyl sulfate. The filters 
were then placed in 300 д] of water containing 30 
pg of yeast tRNA, boiled for 1 min and then 
rapidly chilled in a solid СО,/ ethanol bath. The 
samples were thawed on ice, and the filters were 
removed. After extraction of the sample with phe- 
nol/ chloroform/ isoamyl. alcohol (25:24:1, v/v) 
the RNA was ethanol-precipitated: The precipitate 
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was washed with 70% ethanol, dried and dissolved 
in water for translation. Cell-free translation was 
carried out using rabbit reticulocyte lysates [6]. 
For SDS-polyacrylamide gel analysis of proteins, 
1.5 mm linear gradient separating slab gels con- 
taining 8% to 16% acrylamide were used in the 
discontinuous buffer system of of Laemmli [25] 
with a 4% acrylamide stacking gel. 

Rat genomic library construction and screening. 
Charon 4A phage was kindly supplied to us by Е. 
Blattner. The procedures for Charon phage arm 
isolation and rat submandibular DNA purification 
were those described by Maniatis et al. [26]. The 
purified rat submandibular DNA жаз partially 
digested with EcoRI and separated in 0.45% 
agarose gels [26]. Regions of the agarose gel con- 
taining DNA fragments between 16 and 20 kb 
were excised and the DNA was recovered by buffer 
elution [27]. The in vitro packaging procedure was 
as described in Maniatis et al. [22]. The library was 
amplified once by plating the packaged phage 
using LE 392 as the plating bacteria. A plate lysate 
was made and stored in SM buffer [22] as the 
library stock. The amplified rat genomic library 
was screened using the in situ plaque hybridization 
technique of Benton and Davis [28] Approx. 
450000 plaque forming units were screened at 
high density. The positive plaques were purified 
and rescreened at low-density plating conditions. 

DNA and RNA hybridization analyses. The pro- 
cedures for DNA hybridization were according to 
those described by Maniatis et al. [22]. RNA filter 
hybridization was carried out by the method of 
Thomas [29]. 

DNA sequence analysis. Тһе dideoxy method of 
Sanger et al. [30] was used for DNA sequencing 
with the M13 vectors of Messing [31] and commer- 
cially available primers. 


Results 


Construction of rat submandibular gland cDNA 
library 

Double-stranded cDNA was synthesized by 
using female Sprague-Dawley rat submandibular 
gland poly(A)* RNA as template. The blunt-ended 
cDNA molecules were ligated into the Smal site o 
pUC8 [23], a bacterial expression cloning plasmid. 
This site is located within the lacZ coding portion 


of the vector, making expression of the cDNA 
insert possible. Production of the appropriate 
translation product in bacterial transformants is 
dependent on the proper orientation and ‘rame of 
cDNA insertion. Under the conditions ased for 
production of the submandibular glanc cDNA 
library, for any particular cDNA molecule one out 
of six possible orientations of insertion would al- 
low cDNA expression. Transformation of £. coli 
strain JM83 with these recombinant molecules 
yielded approx. 2400 individual ampizillin-re- 
sistant colonies, 80-90% of which contained 
plasmids bearing inserts. 


Screening of the cDNA library 

1600 colonies from the cDNA library vere rep- 
lica-plated onto ampicillin plates and grown to a 
colony size of 1-2 mm. The colonies were then 
transferred to nitrocellulose paper and processed 
for immunological screening [24] by using 
affinity-purified rabbit anti-rat kallikrein antibody 
followed by '**I-protein A binding [6] Fig. 1 





Fig. 1. Immunological detection of bacterial colonies 2xpressing 
cloned kallikrein cDNA. 1600 cDNA-bearing bacterial colonies 
on nitrocellulose filter paper were screened for production of 
kallikrein-like peptides by using affinity-purified ant -rat tissue 
kallikrein antibody and "^ I-protein A as described ir Materials 
and Methods. The figure shows autoradiograms of one filter 
that contained positive. colonies. The clone with 1 stronger 
signal corresponds to RSK1105 


shows the autoradiograph of the two filters that 
contained colonies synthesizing protein immuno- 
logically related to kallikrein. One of these col- 
onies (carrying а cDNA insert. designated 
RSK1105) gave a stronger signal and was further 
analyzed. The RSK1105 cDNA insert was excised 
by using the adjacent EcoRI апа BamHI restric- 
tion endonuclease sites within the cloning vector. 
The released fragment was purified by agarose gel 
electrophoresis, then labeled by nick-translation 
and used аз a probe to screen the library Гог 
homologous inserts. A number of clones were iso- 
lated that contained partial homology with 
RSK1105; however, further analysis revealed that 
only about 0.4% of clones in the cDNA library 
hybridized to RSK1105 under stringent condi- 
tions. None of these homologous inserts were 
longer than the insert of RSK1105. 


Nucleotide sequence of RSKI105 

Fig. 2 shows the complete nucleotide sequence 
of the 534-basepair cDNA insert from RSK1105, 
the strategy used to determine the nucleotide se- 
quence, and a schematic diagram of this molecule. 
In order to completely sequence both strands of 
the insert the large EcoRI-BamHI fragment was 
cleaved with НаеШ and the resulting fragments 
were treated with Klenow fragment of DNA poly- 
merase | to fill in recessed ends. The resulting 
blunt-ended molecules were then cloned in both 
orientations into the Smal site of Ml3mp$ for 
sequencing. Computer analysis of the sequence 
[31] revealed an open reading frame beginning at 
the f-galactosidase initiation codon within the 
pUC8 vector and extending to position 455 of the 
cDNA insert. This is followed by 46 nucleotides in 
the 3' untranslated region and a poly(A) tail of 33 
nucleotides. Comparison of the nucleotide se- 
quence of RSK1105 with the sequence of kal- 
likrein-like cDNA from rat pancreas [15] reveals 
complete homology except for the site of poly(A) 
tail addition, In the submandibular gland poly- 
adenylation takes place following a C residue 13 
bases 3' to the canonical AAUAAA sequence often 
present 11-30 bases preceding poly(A) tails of 
eucaryotic mRNA. In the pancreatic sequence 
polvadenylation takes places following a C residue 
15 bases 3 to the polyadenylation signal. This 
difference may simply be the result of heterogene- 
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Fig. 2. Schematic diagram and nucleotide sequence of the RSK1105 cDNA insert. А. The nucleotide sequence determination was by 
. the M13 dideoxynucleotide method [30]. Commercially available primers to the M13 cloning vectors of Messing [31] were used. Both 


strands were sequenced aad in most cases at least two analyses were performed. The deduced amino acid sequence is also shown. The 


conserved sequence AATAAA in the 3' noncoding region is underlined. B. Schematic representation of the cDNA insert of RSK1105. 
The open bar represents the cloned cDNA inserted at the Smal site of the pUC8 plasmid (solid bar). Sites for restriction enzymes аге 
depicted by vertical arrows. The horizontal arrows above the restriction map represent the strategy for sequence determination and the 
extent of the analysis. 


ity in the site of polyadenylation, as has been 
noted for other mRNA species [32,33]. or genic 
variation in the rat. However, the different sites 
for polyadenylation may be due to tissue-specific 
or sex-related differences in either the kallikrein 
gene or in the processing of the kallikrein pre- 
cursor RNA. In further investigation of this minor 
discrepancy, a second kallikrein cDNA from the 
rat submandibular gland cDNA library was identi- 
fied by colony hybridization and subjected to par- 
па! sequence analysis revealing a site cf роју- 
adenylation identical to that found in RSK1105. 
The predicted amino acid sequence derived from 
submandibular kallikrein cDNA represents the C- 
terminal 151 residues of the enzyme and has par- 
tial overlap with the incomplete amino acid se- 
quence of rat submandibular kallikrein [15]. 40 of 
41 overlapping amino acids are homologous with 
the single residue difference being a glutamine in 
the cDNA sequence (position 6-8. Fig. 2A) for a 
phenylalanine in the amino acid sequence. From 
comparison of sequence data and the immunoreac- 
tivity of the cDNA clone, we conclude that the 
insert in RSK1105 corresponds to rat tissue kal- 
likrein mRNA. Additional evidence for this con- 
clusion comes from in vitro translation of RNA 
selected by RSK1105 and will be described below. 


Hybrid-selection and translation of rat submandibu- 
lar gland kallikrein mRNA 

Kallikrein-specific mRNA from rat submandib- 
ular gland was isolated by hybrid selection using 
the non-coding strand of RSK1105. The cDNA 
molecule was ligated into the M13 bacteriophage 
cloning vector mp9 and single-stranded DNA was 
isolated from lysates of the recombinant phage. 
The DNA was bound to nitrocellulose paper and 
hybridized to total RNA isolated from rat sub- 
mandibular gland. Results of this experiment are 
shown in Fig. 3. When RNA selected by hybridi- 
zation under moderately stringent conditions (50 
to 55°C, 65% formamide) was translated in vitro, 
at least two proteins were produced with ap- 
proximate М, of 32000 and 37000 (Fig. 3. lanes 
c-f) Under more stringent hybridization condi- 
tions (65°C, 65% formamide) only one protein was 
produced by translation of the hybrid-selected 
RNA (lanes g and h). This protein is a sing e chain 
with an apparent molecular weight of 37000 as 





Fig. 3. Translation of rat submandibular gland mRNA selected 
by hybridization to RSK1105. Hybrid-selection, in vitro trans- 
lations and SDS-polyacrylamide gel electrophoresis were car- 
ried out as described in Experimental procedures. Shown is a 
fluorogram of the dried gel. Lane a: endogenous protein 
synthesis in the absence of added mRNA. Lane b: proteins 
synthesized in the presence of rat submandibular total RNA. 
Lane с: proteins synthesized in the presence of КМА hybrid- 
selected by mp9 (cloning vector) ssDNA at 50°С, Lane d: 
proteins synthesized in the presence of RNA hybrid-selected by 
mp9RSK1105 ssDNA at 50°C. Lanes e and f: same as c and d, 
respectively, except hybrid-selection was carried out at 55°С, 
Lanes g and h: same as c and d, respectively. except that 
hybrid-selection was carried out at 65°C. The translation prod- 
uct of kallikrein in mRNA is indicated by an arrow. Migration 
positions of molecular mass markers are indicated at the right 
in kilodaltons 


estimated by SDS-polyacrylamide gel electro- 
phoresis. This probably represents the preproen- 
zyme and is of sufficient length to account for the 
33.8 kDa enzyme (molecular weight derived from 
amino acid composition analysis) isolated from rat 
urine [34]. The finding that other mRNA species 
cross-hybridize with kallikrein cDNA 15 not 
surprising considering the strong homology be- 
tween several serine proteinases isolated from rat 
submandibular gland. 


Hybridization analysis of kallikrein genes in the rat 

Our detection of several closely related kal- 
likrein-like mRNA species in rat and the recent 
identification [18] of a kallikrein-like multi-gene 
family in the mouse led us to search for the 
presence of kallikrein-like sequences in rat ge- 
nomic DNA. Fig. 4 shows the hybridization pat- 





Fig. 4. Hybridization analysis of rat genomic DNA using 
RSK1105 cDNA probe. Rat genomic DNA was isolated from 
various tissues. 15 иё of DNA were exhaustively digested with 
EcoRI and the fragments were electrophoretically separated on 
а 0.8% agarose gel. The DNA was transferred to nitrocellulose 
paper and hybridized to the cDNA insert from RSK1105 which 
had been labelled by nick translation in the presence of [a- 
* P]dCTP [22]. After washing. the filter was dried and used to 
expose radiographic film with an intensifving screen. Lane a: 
DNA isolated from liver. Lane b: DNA from submandibular 
gland. Lane c: DNA from pancreas. Lane d: DNA from 
kidney. The migration position of DNA fragment markers of 
defined size is indicated in kilobasepairs. 
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tern obtained when kallikrein cDNA was used as а 
probe for EcoRI-cleaved rat genomic DNA from 
liver. submandibular gland, pancreas. and kidney. 
Approximately eight DNA fragments were identi- 
fied, comprising greater than 50 kilobases of DNA. 
Such extensive hybridization suggests the existence 
of multiple kallikrein-like genes in the rat. Fur- 
thermore, the analysis showed no gross rearrange- 
ments of kallikrein-like genes in the four tissues 
examined. To explore further the rat kallikrein 
multigene family. individual genes were isolated as 
described below. 


Screening of the rat genomic library for kallikrein 
gene sequences 

The rat submandibular gland kallikrein cDNA 
molecule was used as a hybridization probe to 
screen the rat genomic library for kallikrein genes. 
The hybridization conditions used for screening 
(50% formamide, 0.8 M NaCl, 42°С) are consid- 
егей moderately stringent and should detect опју 
DNA sequences which contain a high degree of 
homology with the kallikrein CDNA. From screen- 
ing of approx. 450000 plaques from the genomic 
library, 34 clones were isolated and purified by 
repated screening with low-density plating. Assum- 
ing an average insert size of 17 kb and a rat 
genome size of 3- 10° bp, only 1 in 180000 plaques 
will carry a particular single copy sequence. That 
being the case, then approx. 17 kallikrein-like 
clones per genome equivalent of DNA were found. 
implying 17 unlinked genes per genome. However, 
linkage has been found in the mouse [18.19] and is 
probable in the rat. which means that more than 
one gene could be carried on a single clone causing 
an underestimation of the number of rat kallikrein 
genes. 


Restriction enzyme digestion and filter hybridization 
analysis of rat kallikrein-like genes 

In an effort to identify the genomic clone with 
the greatest homology to rat tissue kallikrein 
cDNA, nitrocellulose filter hybridization was car- 
ried out. DNA was prepared from each of the 
genomic clones and examined by agarose gel 
electrophoresis. transfer to nitrocellulose paper. 
and hybridization analysis using kallikrein cDNA 
as probe. The results are shown in Fig. 5. Hybridi- 
zation under moderately stringent conditions (0.8 
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Fig. 5. Hybridization analysis of rat kallikrein-like genomic clones using kallikrein cDNA as probe. The small panels on the left show 
negatives from photographs of ethidium bromide-stained agarose gels on which genomic clones had been electrophoresed. The 
numbers above the gel columns are designations for individual clones. 4A refers to the cloning vector charon 4A which contains 
weakly cross-hybridizing sequences within one of the interna! fragments. The panels on the right are autoradiograms of DNA transfers 
from the corresponding agarose gel after hybridization to the radioactive probe. The hybridization conditions are as described in 


Experimental procedures and carried out at the temperature indicated beside the autoradiogram. 


M NaCl, 68°C) yielded little differential hybridi- 
zation among the isolates except that RSKGIR, 
RSKG26 and RSKGS1 showed very weak signals. 
The signal strengths of all other clones were pro- 
portional to the amount of DNA input. Rehybridi- 
zation under extremely stringent conditions (0.8 M 
NaCl, 79°C, a temperature approx. 5-9 degrees 
below the theoretical 7,, for our kallikrein cDNA 
probe) resulted in much weaker signals but again 
differential hybridization among the clones was 
minimal. This result suggests that a group of closely 
related genes had been isolated and filter hybridi- 
zation was unable to identify the genomic clone 
most homologous to the kallikrein cDNA. We 
then carried out restriction enzyme digestion along 


with hybridization analysis to better characterize 
the clones. The chart depicted in Fig. 6 shows the 
results of this examination. It should be noted that 
in this analysis very small DNA fragments and the 
Hindlll fragments which remained attached to the 
vector arms may have been missed. The analysis 
reveals a high degree of conservation of some 
restriction sites, again emphasizing the close rela- 
tionship of this gene family. Fourteen genomic 
clones were found to be different by polymor- 
phisms of sites for the two restriction enzymes 
within hybridizing segments of DNA. Comparison 
of rat genomic DNA hybridization (Fig. 4) with 
the hybridizing fragments isolated from the ge- 
nomic library shows that almost all fragments are 
represented by the genomic clones. 
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B. Hind Ш Digestion of Genomia Clones 
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Fig. 6. Restriction enzyme digestion and hybridization analysis of rat kallikrein-like genomic clones. DNAs from genomic clones were 
digested to completion with the indicated restriction enzyme, electrophoresed on agarose gels, transferred to nitrocellulose filter paper 
and hybridized with radioactive kallikrein cDNA as probe. The approximate size of restriction fragments in basepairs from inserted 
DNA is depicted and hybridization to the probe is indicated by bold print. The clone designation number is listed on the left. Clones 
which did not contain EcoRI sites within inserted DNA were not subjected to HindIII analysis. A, EcoRI digestion, B, HindIII 


digestion. 


Structure of RSKG-9 

In an effor to characterize further the kal- 
likrein-like gene family, we have analyzed one of 
the genomic clones, RSKG-9, in detail. RSKG-9 
contains more than 16500 bp of genomic DNA 
and has one Ніпа and two EcoRI fragments 
which hybridize to the kallikrein cDNA probe. 
EcoRI fragments of the genomic clone were used 
in hybridization to rat submandibular gland RNA 
_in an effort to identify the locations of other 
portions of the kallikrein gene. Тһе upper panel of 
Fig. 7 shows the results of this experiment. Three 
of the five fragments hybridized to an RNA species 
of the same size as kallikrein mRNA. Based on 
these results we identified a fragment which hy- 
bridized to messenger RNA but not to the partial 


. kallikrein cDNA. The fragment was approx. 4100 


bases in length and apparently contains the 5’ end 
of the gene. Restriction mapping, hybridization 
and sequence analysis was used to construct the 
partial structural map of the kallikrein-like gene in 
RSKG-9. This is depicted in Fig. 7. The 5’ end of 
the gene is located in an unsequenced portion of 
the 4.1 kb EcoRI restriction fragment and the 3’ 
end of the gene is located in an unsequenced | 
portion of the 2 kb HindIII restriction fragment. 
One complete exon and a portion of another is- 
located within the 1.5 kb EcoRI restriction frag- 
ment and were completely sequenced. A small 
portion of DNA measuring 250—500 bp is located 
between the 1.5 and 4.1 kb EcoRI fragments and 
is only partially characterized. The gene is less 
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Fig. 7. Partial structural map and mRNA hybridization analysis of RSKG-9, Rat submandibular gland RNA was electrophoresed on 
agarose gels. transferred to nitrocellulose paper, and hybridized to the indicated restriction fragments (a-e) from the genomic clone. 
The upper panel is the autoradiogram of the hybridized blot. The diagram depicts the restriction map of the genomic clone (E, EcoRI; 
Н, Hindlll). The boxed regions are the positions of exons derived from sequence analysis. The location of the gene is depicted by the 
line designated RSKG-9 above the restriction map. The 5' and 3' ends are indicated. Portions of the clone which have been sequenced 


are indicated Бу the arrows below the restriction map. 


than 6.5 kb in length and seems to have an intron 
exon structure similar to that of rat trypsin [35] 
and mouse kallikrein-like [18] genes. which both 
have 5 exons and the 2nd and 3rd exons map 
similar to the positions of the exons located here. 
Portions of the genomic clone were subcloned 
into the M13 vectors of Messing [31] for sequence 
analvsis. More than 3000 bases from the clone 
were sequenced, of which 2692 bases are mapped 
as to position (data not shown). A comparison of 
the RSKG-9 exons with the sequence of rat kal- 
likrein cDNA is shown in Fig. 8. There is approx. 
89% identity between the two sequences when 
aligned for the greatest homology. Four deletions, 


three insertions, and 34 substitutions exist within 
the 376 nucleotides from gene exons compared to 
rat kallikrein cDNA and are dispersed throughout 
the sequence. When the coding capacity for the 
exons of RSKG-9 were examined all three possible 
reading frames contained termination codons 
created by the sequence differences. Although the 
sequence analysis is incomplete it suggests that 
this gene is nonfunctional, i.e. a pseudogene. 

A comparison of the exon region of the rat 
genomic sequences with that of the kallikrein-like 
gene from the mouse [18] reveals a remarkable 
sequence homology of 83% (Fig. 9). There is little 
homology when the introns of the rat genomic 
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RSKC-9 жк кк eek ВЕК kk ЖОЖ ЖКК 
Kallikrein ССС ТСС GGC A 

RSKG-9 кк kkk kkk ok 
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ССТ СТС ТАС ТАС ТТС ССС САА ТАС СТА TGT 
+ 


ek жж kkk 


AG* doekA ЖЖЖ EO KRC 


С*А 


100 


АСС ТСС СТС АТС ACA ССТ САС ТСС ССА АСС 


ЖЕЖ ЖЕЖ kk kkk KKO ЖҰЗ KKO kkk ких ТЕТ ЖСЖ 


150 


GGC ССА ААС ААС СТА ТАТ САА САТ САА ССС 


ЖҰЖ kkk kkk kkk kkk ЖҰТА ЖҰЖ kkk ЖЕК KRA 
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AGC CAA AGC TTC CCT CAC CCC GGT TTC AAC 


+ 


ЖҰТ kkk ЖҰЖ жк ЖҰЖ ких ЖКТ КА eek 


*AC 


250 


ACC ССА CAA ССТ GGG САС САС ТАС АСС AAT GAT 


ЖЕЖ kkk Akk ЖЕЖ RAC ЖЕТ kkk О СЕК ЖЖ ККК kokk 
300 


С АС ССТ ССС САС АТС АСА САТ ССТ СТС ААС 
% 


ROKK kkk kkk ЖЕК ЖҰЖ kkk ЖЖЖ ЖЖС ЖҰЖ ЖЕЖ 


350 
САС ССС ААС СТС ССС АСС АСС ТСС СТТ ССС ТСС 


ЖҰЖ kkk kkk kkk КЕК kik ЖЕК ХАК kkk КЖ KRA 


Fig. 8. Comparison of RSKG-9 exons with kallikrein cDNA sequence. The upper sequence is rat tissue kallikrein СОМА and the lower 
sequence is from exon regions of the rat genomic clone RSKG-9. The sequences are aligned for the greatest homology. Identical bases 
are indicated by *. Insertions are designed by *, while deletions are left blank. 


clone are compared with that of the mouse ge- 
nomic clone (data not shown). Taken together 
these results indicate that a stringent conservation 
of the exons and a rapid drift of the intron se- 
quences have occurred since the divergence of the 
two species. 


Discussion 


We have used direct immunological screening 
to identify a rat submandibular gland cDNA cor- 
responding to a kallikrein-like mRNA. Several lines 
of evidence indicate that this cDNA clone encodes 
rat tissue kallikrein. First, when cloned into an 
expression vector, the cDNA produces a peptide 
which is recognized by affinity-purified antibody 
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МСК1 АСААСТСССА GCCCTGGCAT GTGGCTGTGT АССССТАСАА GGAATATATA 
RSKG9 FRO IC DARI I CKAR ЖДУ KAREERCCEC 
100 
TGCGGGGGAG  TCCTGTTGGA TGCCAACTGG GTTCTCACAG CTGCCCACTG CTATTATGAA 
RRR ERR ETA RA EAR CÇCkkkkkkkk D GAdoeRKGK debeo denke e kA 
150 
AAGAACAACG  TTTGGCTGGG CAAAAACAAC CTATACCAAG ATGAACCCTC TGCTCAGCAC 
KXTq Gk KERKO ЖКХ 1 15117 doo ТЕ ТОРИ ok Kk ЕТ eee ok 


200 


CGA TTAGTCA G CAAAAGCTT CCTTCACCCT TGCTACAACA TGAGCCTCCA TCGGAACCGC 


**(GCkkkkkkxk RT RAK kkk*kx kk kk ok KEK ***kkk*kAC CATT****AT GA*****kAX* 


250 


AT CCAAAATC CTCAGGACGA CTACAGCTAT GACCTGCTGC TGCTCCGACT CAGCA AGCCT 


*k( kk kk kx de x x REGGR KET KR *QkkkkkAkkx KAT KERN KK kkk*kAKkATkk ****C(GQOokkkkx 


300 


350 


GCTGACATCA CAGATGTTFT GAAGCCCATC GCCCTGCCCA CTGAGGAGCC CAAGCTGGGG 


*k(kkok kk kn К k**kk*kGGkk kk kk à x ХАТЖЖЖЯХЖХХ oe e e de e e e e e ko KKKKKKKKEK 


AGCACATGCC TTGCCTCAGG CTGGGGCAG 


check ck e e e ede e e e e e e ke e e no e de e à e e x n € 


Fig. 9. Comparison of the exon regions of a mouse kallikrein gene with that of RSKG9, The upper sequence is from mouse kallikrein 
gene exons 2 and 3. The lower sequence is the counterpart in RSKG9. The two sequences are aligned for the greatest homology by 


introducing seven single base gaps. Identical bases are indicated by *. 


to rat tissue kallikrein. Second, there is a strong 
homology between the deduced amino acid se- 
quence of this cDNA and the known partial amino 
acid sequence of rat submandibular gland kal- 
likrein [12,15]. Third, when RNA from rat sub- 
mandibular gland is selected by RSK1105 under 
stringent conditions only one protein is produced 
on in vitro translation. This protein has an ap- 
proximate molecular weight of 37000. which is 
adequate to account for the molecular weight of 
tissue kallikrein derived from amino acid composi- 
tion ( M, = 33 800) [34] and to account for pre- and 
pro-peptides known to exist for most secreted 
proteinases [36,37]. This is the first time a transla- 


tion product corresponding to a tissue kallikrein 
cDNA has been identified and it is interesting to 
note that the preproenzyme migrates as a much 
larger molecule than previously predicted by 
cDNA sequence analysis [15]. The 37 kDa prepro- 
kallikrein is also larger than the 32 kDa protein 
coded for by a cross-hybridizing mRNA species, 
which may represent a closely homologous prepro- 
enzyme. It will be interesting to obtain and com- 
pare the complete sequences of rat tissue kallikrein 
and other members of the kallikrein-like family of 
serine proteinases in order to evaluate their struc- 
ture-function relationships. The particular amino 
acid sequence differences found in the larger tissue 


kallikrein protein may give insight into the regu- 
lation, processing or function of this enzyme. 

The existence cf a family of kallikrein-like en- 
zymes has been indicated by structural and func- 
tional similarities of tissue kallikrein, tonin, epi- 
dermal growth factor binding protein, y subunit of 
nerve growth factor, and esterase A [11-14,38]. In 
addition, а family of 25-30 kallikrein-like gene 
sequences have been identified in the mouse [18]. 
Our findings support the existence of a kallikrein- 
like family of genes in the rat by cross-hybridiza- 
tion of the kallikrein cDNA with other mRNA 
species from rat submandibular gland and by ex- 
tensive hybridization to rat genomic DNA. We 
therefore used the kallikrein cDNA molecule to 
isolate individual kallikrein-like genes from а rat 
genomic library. 

The kallikrein-lke gene family is an example of 
variant repitition with many related but nonidenti- 
cal members. И is estimated that slightly more 
than 17 kallikrein-like genes exist in the rat. This 15 
deduced from the finding of 17 clones per genome 
equivalent of ОМА and the possibility of linkage. 
The number of genes found here agrees well with 
the number of members of the mouse kallikrein 
gene family [20]. In fact it is possible that a much 
larger family of genes with greater variation exists 
and was not detected due to the stringency of the 
screening conditions. However, the genomic clones 
isolated account fer practically all of the hybridiz- 
ing EcoRI fragments detected by filter hybridiza- 
tion of DNA isolated from rat tissues. 

The screening conditions used for identification 
of kallikrein-like genes resulted in the selection of 
a group of genes with strong homology to our 
kallikrein cDNA probe. Although it is difficult to 
predict the course of a hybridization reaction in- 
volving imperfect hybrids and solid-phase reac- 
tions, a rough assumption is that the 7, of ап 
imperfect hybrid decreases 1 Cdeg for every 175 of 
mismatch. That being the case, the hybridization 
conditions used in analysis of the genomic clone 
should have allowed discrimination of clones with 
coding sequences whichv ary by more than 10% 
from the kallikreia cDNA sequence. Because there 
was little differential hybridization among the 
clones we can assume that the original screening 
conditions resulted in identifying only clones which 
differed by not more than about 10-15% in se- 


quence. The sequence analysis of RSKG-9 has so 
far revealed 1% difference in coding portions of 
the gene. 

Another indication of close homology among 
the members isolated is the conservation of restric- 
tion endonuclease sites among the clones. In par- 
ticular. a hybridizing Апаш fragment of approx. 
2000-2100 bp is present in 13 of 24 clones 
analyzed. Ten of the 34 clones contain a single 
hybridizing EcoRI fragment of 14000 bp, nine 
contain a hybridizing EcoRI fragment of 9000 bp 
and 14 contain a nonhybridizing 4000-4100 bp 
EcoRI fragment. This indicates that not only is 
there a conservation of coding sequence, there is 
also a conservation of gene structure among the 
family members. 

This preservation of gene structure indicates 
either recent divergence of this family or homo- 
genization of its members by gene conversion or 
multiplication. The relationship of the rat and 
mouse genes, although they are probably not al- 
lelic, reveals that certain portions of the 
kallikrein-like genes have been conserved more 
stringently than others. In particular the gene ех- 
ons show extensive preservation of sequence over 
the period of evolution since these two species 
diverged. The introns show significant homologies 
but are less preserved and correspondence between 
flanking regions was not found. This seems to 
imply that preservation of the coding portions of 
the kallikrein gene family is most important to the 
maintenance of their function. 

A high degree of sequence conservation is ob- 
served whent he coding region of the kallikrein 
pseudogene RSKG-9 is compared against the kal- 
likrein cDNA. It is interesting to note that none of 
the base substitutions generated termination 
codons. In fact, among the 34 total substitutions, 
18 are silent. The inactivation of RSKG-9 was 
apparently caused by base insertions and deletions 
which generated frame-shifts and premature 
terminations. Such changes can coexist with al- 
terations in sequences involved in transcription 
and processing of transcripts [39]. Whether this is 
the case for RSKG-9 awaits further analysis. The 
presence of pseudogenes in such a large gene family 
is expected from similar findings in other groups 
of related genes [39-42]. In fact the creation of 
pseudogenes may be an inevitable result of the 
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mechanisms for creation of gene families with 
variant repetition. 
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The effects of several metabolites (indole acetic acid, imidazole acetic acid and indole) on acetohydroxy acid 
synthase activities have been examined in both cya * and cya ^ strains. Specifically, indole acetic acid caused 
an increase in the rate of acetohydroxy acid synthase synthesis under both in vivo and in vitro conditions. 
Taken together, these data suggest that small metabolites, other than cAMP, can alter acetohydroxy acid 


synthase gene expression. 


Introduction 


In Escherichia coli K-12, three acetohydroxy 
acid synthase genes are present which catalyze the 
first step common to the biosynthesis of both 
isoleucine and valine [1]. Each of the acetohydroxy 
acid synthase genes (1/08 (AHASD, про (AHAS 
П) and /гсіН (AHAS HD) is regulated by separate 
end-product repressicn patterns [2]. Additionally, 
it has been reported that regulation of the ilvB 
gene in E. coli K-12 is subjected to catabolite 
repression [3-6]. 

Regulation of vB operon is complex, involving 
negative control by attenuation [7] and positive by 
a number of factors [3,8], including cAMP-CRP 
[9]. A recent report by Friden et al. [10] presented 
evidence that сАМР-СКР greatly increased tran- 
scription when restriction fragments carrying the 


Present address: Department of Biology, Atlanta University, 
Atalanta, GA 30314, U.S.A. 

Abbreviations: cAMP, cyclic adenosine 3',5'-monophosphate; 
cGMP, cyclic guanosine 3,5'-monophosphate; cya, adenyl 
cyclase gene; A, absorbance; SSC, 0.15 М NaCl, 0.015 M 
sodium citrate; AHAS, acetohydroxy acid synthase; СЕР, 
CAMP receptor protein. 


НОВ promoter were used as templates. However, 
cAMP had little or no effect on the percentage of 
attenuated transcripts. 

In this communication, evidence is reported 
that other small metabolites, in addition to САМР, 
can affect total acetohydroxy acid synthase activi- 
ties in Æ. coli K12. 


Materials and Methods 


Organisms. The E. coli K-12 strains used, their 
relevant genotypes and sources are given in Table 
1. 

Media. The minimal medium used was that 
described elsewhere [11] modified by omitting 
citrate and increasing the glucose concentration to 
0.5%. Amino acid supplements were added at 0.5 
mM, unless otherwise indicated; thiamine was 12 
mg per liter. 

Growth of cells. Batch cultures were prepared by 
inoculating from nutrient agar slants into 5 ml of 
Luria broth. These tubes were shaken on a 
Brunswick Gyrotory water bath-shaker model G76 
at 37?C and incubated until stationary phase was 
attained. The cells were centrifuged and the pellets 
were resuspended in minimal medium with 0.5% 
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TABLE I 
ORGANISMS USED 





Strain Genotype Source 


АВ1053 10С2, ilpB196, ilvP270, argE3, thi-1, B. Bachmann 
lacY1, galK2, xul-5, tfr-3, tsx-6 

CAB8300 Hfr, Sm', thi -1 W.S. Rexnikoff 

СА8306 Hfr, Sm*, thi-1, cya 7 W.S. Reznikoff 

М1253 101614, Понб12, thr-10, thi-1, relAl, B. Bachmann 
ага -14, А 





MI262 leuB6, 1101614, iluH612, 06603, B. Bachmann 
iluG605 (am), thi-1, ^ 
Phage ACI857, ACI857diluB Laboratory 
: collection 





glucose, minimal-glucose supplemented with 
L-valine (1-107? M), L-leucine and L-isoleucine 
(4-107 М), or minimal-glucose medium supple- 
mented with casamino acids (0.4%). Growth of the 
cultures was monitored by measuring the ab- 
sorbance of the cultures at 420 nm in a Spectronic 
20 spectrophotometer. 

Enzyme assay. The acetohydroxy acid synthase 
assay was performed as previously described [12]. 
Protein content of extracts was measured by the 
method of Lowry et al: [13] with bovine serum 
albumin (100 pg/ml) as the standard; specific 
activities are expressed as mmoles of products 
formed per minute per mg protein unless other- 
wise indicated. 

Phage DNA extraction. The procedure of James 
et al. [14] employing phenol/chloroform/isoamyl 
alcohol was used to extract DNA from specialized 
transducing phage carrying the /0В region. The 
А опт and Argonm Of the DNA suspension were 
measured with a Beckman Model DBG spectro- 
photometer. 

In vitro transcription assay. The transcription 
reactions were carried out as described by Majors 
[15]. The electrophoretic fractionation of RNA 
transcripts was performed as described by Moore 
et al. [16]. 

DNA-RNA hybridizations. The procedure used 
was as described by Vonder Haar and Umbarger 
[17], with slight modifications. 

Growth of cells, labeling and extraction of RNA. 
Cells to be labeled with [+ H]uridine were grown in 
minimal medium containing supplements to an 


Ago Of 0.8. The labeling and extraction of RNA 
were as described elsewhere [17]. 

Dot blot hybridization. A dot blot assay of RNA 
was carried out according to the procedures of 
Thomas [18] and Aiba [19]. Total cellular RNAs 
from ЖВ“ and нов“ strains were incubated in 
0.55 M formaldehyde and 7.5 mM sodium phos- 
phate buffer (pH 7.0), at 65°С for 7 min. The 
reaction mixture was cooled on ice and the dena- 
tured RNAs were spotted onto dry nitrocellulose 
paper which had been treated with H,O and then 
20 x SSC. The nitrocellulose paper was baked for 
2 h at 80?C and hybridized with nick-translated 
DNA probe. 


Results and Discussion 


The effects of several small metabolites on 
acetohydroxy acid synthase activities 

The effects of several small metabolites on 
expression of acetohydroxy acid synthase activities 
were examined in isogenic cya* and суа” deriva- 
tives of E. coli K-12. As shown in Table II, 


TABLE II 


THE EFFECTS OF SMALL METABOLITES ON 
ACETOHYDROXY ACID SYNTHASE ACTIVITIES IN 
ESCHERICHIA COLI K-12 


Specific activity is expressed as pmol product/min per mg 
protein. Experiments were carried out in minimal-glucose 
medium supplemented with 20 amino acids. 








Strain Effector Total 
(1 mM) activity /spec. 
act. 
CA8300 none 0.014 
(суа?) cAMP 0.069 
imidazole acetic acid 0.032 
indole acetic acid 0.082 
tryptophan 0.017 
indole 0.054 
histidine 0.016 
cGMP 0.010 
CA8306 none 0.012 
(суа”) сАМР 0.057 
imidazole acetic acid 0.025 
indole acetic acid 0.090 
tryptophan 0.017 
indole 0.082 
histidine 0.015 
cGMP 0.009 





acetohydroxy acid .synthase activities were 
increased by, in addition to cAMP, indole acetic 
acid, imidazole acetic acid and indole in both 
routant and wild-type strains. Indole acetic acid 
was the most potent effector as determined by the 
standard in vitro acetohydroxy acid synthase as- 
say. Conversely, histidine, tryptophan and cGMP 
apparently had no effect on acetohydroxy acid 
synthase activities. Actually, cGMP caused а ue 
decrease in activity. 


Effect of indole acetic acid on Abby ped 
synthase gene(s) expression ; 

To determine whether indole acetic acid (the 
most potent effector) affects the activity or synthe- 
sis of acetohydroxy acid synthase, activity was 
measured at various stages for growth. As shown 
in Fig. 1, the differential rate of acetohydroxy acid 
synthase synthesis was significantly elevated in 
cultures grown in the presence, of indole acetic 
acid. The magnitude.of elevation by indole acetic 
acid was equivalent to that found using cAMP .(a 
known regulatory effector of acetohydroxy acid 
synthase genes). Thus, these data suggest that at 
least indole acetic acid can alter acetohydroxy acid 
synthase gene(s) expression. The effects of this 
small metabolite appear to be specific, as essen- 
tially no effect was observed in several crp mutant 
strains (data not shown). Kline et al. [20-22] re- 
ported evidence for a positive effect of imidazole 
4-acetic acid and indole acetic acid (i.e. two of the 
metabolites employed in this study) on the induc- 
tion of L-arabinose isomerase synthesis. 


Effect of indole acetic acid on Нов (AHASI) gene 
transcription 

Тһе dot blot assay was employed to determine 
the effect of indole acetic acid on ИВ gene tran- 
scription. As shown in Table III, these preliminary 
results indicate that indole acetic acid did indeed 
stimulate 108 mRNA transcription. These find- 
ings are in total agreement with the increased level 
of acetohydroxy acid synthase synthesis. To cou- 
ple the data reported herein with previous results, 
it is clear that certain small metabolites, other than 
САМР, are critical in directing gene expression at 
least in Е. coli. The use of E. coli plasmids harbor- 
ing the acetohydroxy acid synthase genes should 
help in assessing the direct role(s) of small 
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TOTAL AHAS ACTIVITY 





A420 


Fig. 1. Differential rate of synthesis of acetohydroxy acid 
synthase in the presence and absence of cAMP and indole 
acetic acid (for details see text). Total activity ^ spec. act. 
(umol product formed/h per mg protein) X 4455. 


TABLE Ш 


EFFECTS OF INDOLE ACETIC ACID. ON ИВ GENE 
TRANSCRIPTION 


Denatured cellular RNAs (7.5 ug) from ШЕВ” and В+ 
strains were spotted on the nitrocellulose paper and hybridized 
with 100 ng of the i/oB gene DNA. АП other conditions were 
as described in the text, cmps were obtained from the decay 
spots as revealed by the autoradiograms. 





DNA source Effector [НЈЕМА cpm 
iluB DNA - АВ1053( 087) 371 
+ АВ1053( 08”) 413 
iluBDNA = М125 ОВ“ ) 171 
+ MDS3(ilpB* у 4003 
ШВ DNA - попе 57 
+ попе 60 
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metabolites on acetohydroxy acid synthase gene(s) 
expression at the molecular level. 
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УҮе-һауе mapped the cleavage sites of four restriction enzymes which recognize six-base sequences within the 
nuclear ribosomal (rRNA) genes.of twelve vertebrates, including several placental mammals (Ното sapiens, 
man; Bos taurus, cow; Equus caballus, horse; Sus scofra, pig; Ovis aries, sheep; Rattus rattus, rat), а 
marsupial (Didelphis marsupialis, opossum), a bird (Gallus domesticus, chicken), an amphibian (Xenopus 
laevis), a reptile (Alligator mississipiensis), a bony fish (Cynoscion nebulosus, sea trout), and а cartilagenous 
fish (Carcharhinus species, requiem shark). These animals represent a span of approx. 400 million years of 
evolutionary divergence. Our data identify restriction sites in the rRNA genes which are highly conserved 
among higher vertebrates and therefore are likely to be in functionally important regions. Additionally, the 
restriction enzyme sites identified will be useful in cloning and sequencing the rRNA genes in any vertebrate. 
Finally, the consistent size and conserved sequence homology suggests that these ТЕМА gene segments will 
be useful as internal controls in hybridization experiments involving other genomic regions in vertebrates. 


Introduction 


Many copies of the small (17-18 S) and large 
(25-28 S) ribosomal RNA (rRNA) genes are pre- 
sent in the nuclear DNA of eukaryotes [1]. One 
copy each of a small and a large rRNA gene 
together constitute a single transcription unit. 
These units are tandemly repeated and separated 
by spacer DNA, most of which is not transcribed. 
Throughout evolution these genes have remained 

more highly conserved than most other genes. 
' While the functional importance of the rRNAs is 
undoubtedly responsible for much of their con- 
servation, their repeated organization has also been 
suggested to play an important role [2]. 


* To whom correspondence should be addressed at: Depart- 
ment of Biochemistry and Molecular Biology, Box 7-245, 
JHMHC, University of Florida, Gainesville, FL 32610, 
USA. 


Direct nucleotide sequence comparison is an 
unambiguous way to determine the degree of con- 
servation between species and to predict func- 
tional domains of the rRNA. To date, however, 
only four eukaryotic small rRNA genes [3—6] and 
five eukaryotic large genes [7-12] have been fully 
sequenced. The sequence. comparisons made have 
been among extremely divergent species, and the 
suggested secondary structures have been based on 
those proposed for the Escherichia coli 16 S and 23 
S rRNA. While the overall sequences of the rRNA 
genes are conserved, a number of changes have 
occurred during evolution, and the restriction en- 
zyme maps of these genes are sufficiently different 
that they are not directly useful in recognizing 
ribosomal RNA gene domains on genomic DNA 
blots from many other vertebrate species. To help 
alleviate this situation we have examined, using 
restriction enzymes, a wide range of vertebrate 
species. Additionally, we have assessed the degree 
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of conservation of these restriction sites (and their 
usefulness), and attempted to detect conserved 
sites among the higher eukaryotes which are not 
shared with lower organisms and therefore could 
indicate. functionally important. domains which 
differ between these groups. 


Materials and Methods 


Extraction of nuclear DNA from tissue. Common 
vertebrate species were obtained from laboratory 
supply companies, the University of Florida Meat 
Laboratory, or the College of Veterinary Medicine. 
Dr. C. Buergelt provided alligator tissue, the 
authors procured the bony fish, shark (an imma- 
ture requiem shark (Carcharinidae), probably 
Carcharhinus limbatus), and the opossum. 

Liver samples were used for all DNA prepara- 
tions except for human (cultured HeLa cells), trout 
and shark (sperm sac). Samples were obtained 
from freshly killed animals. 6-10 g of tissue were 
chopped very finely using an electric knife fitted 
with razor blades in place of knife blades. The 
tissue was homogenized in phosphate-buffered 
saline (0.14 M NaCl, 0.01 M phosphate buffer (pH 
7.4). 4.5 mM KCI, 0.9 mM Сасі,, 0.5 mM MgCl.) 
first using à ground-glass homogenizer and then à 
Dounce homogenizer with a loose-fitting pestle. 
Nuclei were pelleted by centrifugation at 5000 rpm 
(Sorvall SS-34 rotor) for 10 min at 4?C. then 
resuspended in 1 X standard saline citrate (SSC: 
0.15 М NaCl, 0.015 М sodium citrate, pH 7.2). 10 
ug/ml Pronase (Sigma) (pre-digested at 37°C for 
60 min) and 1% sodium dodecyl sulfate (SDS), 
and incubated overnight at 37°C. This mixture 
was extracted twice with phenol (saturated with 
1 x SSC) and three times with ether. Pancreatic 
RNAase (Sigma) was added, followed by incuba- 
tion at 37°C for 60 min. The digestion mixture 
was extracted twice with phenol and three times 
with ether. DNA was precipitated by addition of 
2,5-2 vol. of cold (~ 20°C) ethanol. 

Digestion with restriction enzymes. Each reaction 
consisted of approx. 20 ug of total nuclear DNA 
digested with commercial restriction enzymes (Be- 
thesda Research Laboratories or N.E. Biolabs) 
using the conditions suggested by the supplier. 
Restrictions sites were mapped using the results of 
complete, partial and multiple digests. 


Agarose gel electrophoresis and transfer to nitro- 
cellulose filters. Restriction enzyme digests of 
nuclear DNA were analyzed by electrophoresis on 
1.5% agarose gels (Marine Colloids) using 0.05 M 
Tris, 0.02 M sodium acetate, 0.018 M NaCl, 0.002 
M EDTA (pH 8.2) as the gel and tank buffer. 
Digests of pBR322 or bovine mitochondrial DNA 
were used as size markers. 

DNA was transferred from agarose gels to 0.45 
ит nitrocellulose filters (Schleicher and Schull) as 
previously described [13]. 

lodination of ribosomal RNAs. 18 S and 28 S 
rRNA (a gift from G. and J. Stein) from HeLa cell 
polysomes were isolated as previously described 
[14]. Polysomes were pelleted from a post- 
mitochondrial supernatant and extracted with 1 
vol. phenol plus 1 vol. chloroform/isoamyl alcohol 
(24:1, v/v). RNAs were ethanol-precipitated and 
fractionated by zonal gradient centrifugation in a 
5-30% sucrose gradient. The size and purity of 18 
5 апа 28 S rRNAs were confirmed on agarose- 
CH,HgOH gels. The rRNA was iodinated using a 
modification [15] of the procedure of Comerford 
[16]. Briefly, the RNA was incubated at 70°C in 
aqueous thallic trichloride (ICN Pharmaceuticals, 
Inc.) plus '^I (Amersham, IMS.300) at pH 5.0. 
We achieved specific activities of approx. (1-2). 
105 cpm/ug RNA. 

Filter hybridizations and autoradiography. DNA- 
RNA hybridizations were carried out in plastic 
bags (Seal-a-Meal; Dazy) containing 10 ml of hy- 
bridization solution (2 х or 5 SSC, depending 
on the stringency desired, 0.2% SDS, 50 ug/ml 
tRNA (boiled and quick-chilled), and 20 ng of 
U*pLlabeled rRNA). The bag was incubated at 
64°С for 12-36 h. Following hybridization. the 
filters were washed in 2 x SSC at 50°C, in 1 x SSC 
plus 50 ug/ml pancreatic RNAase (Sigma) at 
37°C for 30-60 min, and two to four times in 
1 x SSC at room temperature. 


Results 


Nuclear DNA was isolated from twelve 
vertebrate species and digested with restriction 
endonucleases which recognize six-base sequences 
within the ОМА. Digested DNA was then electro- 
phoresed on 1--1.5% agarose gels, transfered to 
nitrocellulose filters, and hybridized to either '>1- 


labeled 18 S ог 28 S rRNA. HeLa rRNA proved to 
be a convenient probe for all the vertebrate genes. 
DNA fragment sizes were determined by compari- 
son with appropriate size markers. Restriction sites 
were mapped using the results of complete, partial 
and multiple digests, as previously described [17]. 

Figs. 1 and 2 summarize the restriction size 
mapping data for the vertebrate rRNA gene re- 
gion. The restriction sites within the genes are 
shown in Fig. 1; a high degree of conservation is 
evident when the genes are aligned. Fig. 2 shows 
all the restriction enzyme sites mapped in the 
rRNA gene region of each animal. Neither the 
length of the spacer regions nor the positions of 
restriction sites in the spacer DNA have been 
conserved, as noted by others. 


16 S rRNA genes 

Sites for three restriction enzymes (EcoRI, 
BamHI and Pst\) were mapped in the 18 5 rRNA 
genes of twelve vertebrates. The hybridization pat- 


terns of these species, produced by digestion of 
their nuclear DNA with EcoRI and PstI, followed 
by hybridization to !?]-labeled HeLa 18 S rRNA, 
are shown in Fig. 3. One fragment of approx. 1050 
base pairs ог 0.69. 10° Da was present in digests 
of all the warm-blooded vertebrates. This fragment 
was only slightly larger (1980 base pairs or 0.7 - 10^ 
Da) in digests of the amphibian ( Xenopus) and 
fish (Cynoscion), and was somewhat smaller (915 
base pairs or 0.6 - 10° Da) in the shark ( Carchar- 
hinidus). PstYand Ес, КІ each cut only once within 
the 18 S gene, together generating this common 
internal fragment and variably sized terminal frag- 
ments. These two sites were always present at the 
same positions in all animals examined. as de- 
termined by other restriction digest experiments 
(data not shown). The inter-specific differences in 
size of the internal 18 S gene fragment between 
these two conserved sites could be due to small 
insertions or deletions. Alternatively, differences in 
DNA concentration, salt, or other experimental 
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Fig. 1. Restriction site тар of the 18 S and 28 S rRNA genes of twelve vertebrates. Enzyme recognition sites were mapped using data 
from single, double and triple digests and comparison with appropriate size standards, The scale at bottom is in units of 10^ Da. И 
should be noted that the methods used do not determine the exact boundaries of the genes. The size shown represents the minimum 
extent of the gene (except for HeLa 28 S, rat 18 S and 28 S, and Xenopus 18 S and 28 S. which have been determined by others). 
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Fig. 2. Restricuon site map of the rRNA genes and flanking regions. Additional sites for mapped enzymes may exist distal to the 
rRNA genes or between them. The ends of the rRNA genes are not exact (see Fig. 1). The scale at bottom is in units of 10° Da. 


variability between lanes could explain some of 
the migration-rate variability. A maximum error of 
up to 4% was occasionally visible in the migration 
of the same fragment from lane to lane across a 
gel. А BamHI site was present in all the 18 S 
rRNA genes of warm-blooded vertebrates, approx. 
100 nucleotides 5’ to the Ру! site; it was absent in 
all the lower vertebrates. 


28 S rRNA genes 

Sites for three restriction enzymes (BamHI, 
Ва! and EcoRI) were mapped within the 28 S 
rRNA genes of the same organisms. Simultaneous 
digestion of nuclear DNA with these three en- 
zymes, followed by transfer to nitrocellulose and 
hybridization with '*°I-labeled HeLa 28 S rRNA 
gave the patterns shown in Fig. 4. Three conserved 
fragments ((1.07 + 0.08) · 109, (0.61 + 0.05)- 10", 
(0.36 + 0.02) - 10° Da) were present in digests of all 
of the placental mammals; two of these were also 


present in the opossum (0.64 - 10°, 0.36 · 10° Da). 
Other mapping data showed that the sites which 
flank the 1.07. 10° Da fragment were present in 
the same relative location in the opossum 28 S 
rRNA gene, although the distance between them 
was reduced to 0.84: 10* Da. A series of single, 
double and triple digests was carried out to de- 
termine the location of each restriction site in the 
rRNA gene; the conserved fragments were indeed 
created by cutting at restriction sites that map to 
the same relative position in the rRNA genes of all 
the animals. 

Several of these restriction sites were conserved 
in all species examined. Ап EcoRI site was present 
at the 3' end of all of the 28 S rRNA genes studies 
(Fig. 1). The Вал | site in the middle of the 28 S 
rRNA gene was also highly conserved. Only one 
of the several BamHI sites found in the 28 S 
rRNA genes of vertebrates appears to be highly 
conserved; it was located approx. 850 basepairs 5' 





Fig. 3. Ап EcoRI-Pstl fragment of 0.69-10° Da in the 18 $ rRNA gene has been conserved іп vertebrates throughout evolution 
Nuclear DNA indicated was digested with both EcoRI and Pstl and electrophoresed on а 1.5% agarose gel. (Horse DNA was 
digested with EcoRI, PstI and BamHI. This does not, however, affect the presence or size of the conserved fragment.) DNA was 
transferred to a nitrocellulose filter and hybridized with '**I-labeled 18 S rRNA from HeLa cells. Bands were visualized by 
autoradiography; sizes were determined using appropriate size standards. The arrow indicates the conserved 0.69-10° Da fragment 
Lane A, shark; lane B, fish; lane C. frog; lane D, alligator; lane Е. chicken: lane Ғ. opossum: lane С. rat; lane H, horse: lane I, sheep; 
lane J, pig; lane К. cow; lane L, human. Lane H is from а BamHI+ Pstl+ EcoRI triple digest of horse DNA, rather than a 
Ря1-- EcoRI double digest. 
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Fig. 4. BamHI + Ве + EcoRI digest of 28 S rDNA of vertebrates. Several fragments are conserved throughout the higher 
vertebrates. Nuclear DNA was digested simultaneously with BamHI, Ва and EcoRI, and electrophoresed on a 1.5% agarose gel 
DNA was transferred to a nitrocellulose filter, and hybridized with '?5I-labeled 28 S rRNA from HeLa cells; bands were visualized by 
autoradiography and sizes were determined using appropriate size standards. The arrows indicate the three fragments conserved in 
placental mammals. Lane A, shark; lane B, fish; lane C, frog; lane D, alligator; lane E, chicken; lane F, opossum; lane G, rat; lane H, 
horse; lane I, sheep; lane J, pig: lane К. cow; lane L, human. 
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to the BglII site (Fig. 1). The remaining BamHI 
sites were variable in their presence and position. 
А BamHI site was located between the highly 
conserved Ве and EcoRI sites in the 28 S 
rRNA gene of all warm-blooded animals as well as 
the alligator (Fig. 1). Іп Xenopus and the fishes, 
this BamHI site was absent and another BamHI 
site was present instead near the 5’ end of the 
gene. In shark, a BamHI site was present at the 3’ 
end of the gene as well. DNA sequencing around 
these sites would be required to determine whether 
these changes are the result of DNA rearrange- 
ment, insertion, deletion, or simple base changes. 


Discussion 


Our results agree with the hypothesis that the 
rRNA genes of vertebrates have remained con- 
served throughout evolution. Four of the mapped 
restriction sites are present at the same positions in 
all animals examined. Others are more variable. 
However, there is clearly considerable sequence 
homology in the actual DNA sequences, since the 
HeLa rRNA probe hybridized to even the most 
distant species examined. The stringency of our 
hybridization conditions requires approx. 12-18 
continuous homologous bases for hybridization to 
occur. Our blots were then washed extensively and 
incubated with pancreatic RNAase to remove non- 
homologous single-stranded RNA. Our results thus 
indicate a high degree of sequence conservation 
across a broad range of very divergent species. 
While this is evolutionarily important, it gives the 
rRNA genes a practical importance as well. Since 
the internal restriction enzyme sites are so highly 
conserved, almost any vertebrate 18 S or 28 S 
ТЕМА could be used as a probe to provide, for 
example, internal size markers. The rRNA genes 
may also serve as internal standards for complete 
digestion, and they could be useful in determining 
the copy number of another gene or family of 
genes. | 

These sites also provide an easy means of isolat- 
ing conserved DNA fragments that may be ex- 
amined to assess evolutionary relatedness in a 
wide array of divergent vertebrates. Many nuclear 
genes have diverged sufficiently to make this sort 
of comparison technically difficult. These con- 
served DNA fragments, with defined ends and 


homology to easily obtained probes, could be ideal 
for such studies. 

It is possible.to ask if the highly conserved 
mapped sites fall in areas where a specific sec- 
ondary structure has been predicted. The EcoRI 
site at the 3’ end of the 18 S gene and the PstI site 
in the middle of the gene are present in all of the 
species surveyed. The EcoRI site is present in the 
published Saccharomyces cerevisiae, Xenopus and 
rat small rRNA sequences at a highly conserved 
stem-loop junction in the two models of rRNA 
secondary structure proposed for these organisms 
[6,18]. The EcoRI site and corresponding structure 
are present in Е. coli as well. The PstI site is 
present in Xenopus and rat, but not in the yeast 18 
S rRNA gene, due to a single nucleotide difference 
(C > U) within the enzyme-recognition site, in а 
region of otherwise high homology. The BamHI 
site that we mapped in the 18 S gene is present in 
all of the homotherms we examined, but not in 
any of the lower vertebrates in our survey. The 
BamHI site lies in a region that is not base-paired 
in the rat 18 S rRNA model [6]. A single base 
change (T — C at position 544) would create a 
BamHI site іп Xenopus, and a second change (а 
T > A at position 542) would create a BamHI site 
in the S. cerevisiae sequence, in a region analogous 
to the rat structure. | 

A secondary structure has recently been рго- 
posed for rat 28 S rRNA [10]. It 1$ based on 
nucleotide sequence analysis as well as structures 
proposed for E. coli [19,20] and yeast [8]. The 
EcoRI site at the 3' end of vertebrate 28 S gene 
(Fig. 1) is part of a stem-loop junction in this rat 
28 S rRNA secondary structure [10]. An analogous 
structure is present in yeast [8] and E. coli [19,20]. 
The conserved BglII site in the 28 S rRNA gene is 
found adjacent to a conserved stem in the sec- 
ondary structures proposed for both rat and yeast. 
The structure, but not the site, is also present in 
the E. coli molecule [19,20]. The BamHI sites in 
the 28 S rRNA gene are more variable. These sites 
are present in both basepaired stems and regions 
with no assigned structure, and it is difficult to 
correlate them with any conserved structural fea- . 
ture. 

Finally, the degree of conservation seen in 
nuclear rRNA genes differs from that observed in 
mitochondrial rRNA genes. The mitochondrial 


rRNA genes have been sequenced іп mouse [21,22], 
human [23] and cow [24]. Although regions of the 
genes are highly conserved, many nucleotide dif- 
ferences are seen, by both restriction-site analysis 
and direct nucleotide sequencing. The mouse and 
human mitochondrial 12 S and 16 S rRNA genes 
are 75% and 74% homologous, respectively [22]; 
the corresponding genes of cow and human are 
77% and 76% homologous [25] In contrast, the 
nuclear 28 S rRNA genes of Xenopus laevis and 
rat are about 75% homologous [9], and Xenopus 
and yeast are about 69% homologous [12]. The 
mitochondrial rRNA sequences have diverged as 
much between three orders of mammals as have 
the nuclear genes of mammals and amphibians. А 
difference in the stringency of functional con- 
straints, the higher overall rate of mitochondrial 
DNA sequence divergence, and the correction of 
the repeated nuclear rRNA genes by recombina- 
tion or gene conversion are all possible explana- 
tions for this rapid divergence in mitochondrial 
rRNA genes. However, these two functionally 
equivalent gene systems may make measuring the 
degree of divergence between both closely related 
and very distant groups of organisms possible. 
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Unfractionated tRNAs from a number of prokaryotes and eukaryotes were examined for their ability to 
promote termination codon readthrough in a cell-free system isolated from Saccharomyces cerevisiae. tRNA 
from the dimorphic fungus Candida albicans was found to have significant UGA and UAG readthrough 
activity and this activity was present in tRNA extracted from both the yeast and the hyphal phase of the 
fungus. Unusually the efficiency of readthrough activity in vitro was not affected by the [ psi] determinant. C. 
albicans tRNA was fractionated by one-dimensional and two-dimensional gel electrophoresis and both 
readthrough activities appeared to be associated with a single species of tRNA. 


Introduction 


Increasing evidence from both eukaryotic and 
prokaryotic organisms has suggested that the regu- 
lated translational readthrough of termination 
codons, іп particular the UGA codon, may define 
a novel mechanism for regulating gene expression 
[1.2]. Transfer RNAs (tRNAs), present in wild-type 
cells, that are able to translate the UGA codon 
have been identified in Escherichia coli [3], Sac- 
charomyces cerevisiae [4,5], rabbit reticulocytes [6], 
wheat germ [7] and bovine liver [8]. Similarly, 
wild-type tRNAs able to translate the UAG (am- 
ber) codon in vitro have been identified in wheat 
germ [9], Drosophila melanogaster [10] and tobacco 
plants [11]. We have examined the ability of un- 
fractionated tRNAs, isolated from a number of 
different organisms, to translate either the UGA 
codon or the UAG codon, in a cell-free system 
prepared from S. cerevisiae. We report here the 
identification of a single tRNA from the dimor- 
phic fungus Candida albicans that is able to trans- 
late efficiently both the UAG and the UGA codon, 
as well as inducing a more general in vitro mis- 
translation of natural mRNAs. 


Materials and Methods 


Cell-free translation. Cell-free lysates were pre- 
pared from a haploid strain of S. cerevisiae 
(465/4d: MATa ade2-1 lysI-1 can 1-100 ura3-1 
[ psi ]). The method of preparation and the condi- 
tions used to translate natural mRNAs have been 
previously described [12]. Cell-free translation 
products were labelled with [?S]methionine (> 
1000 Ci/ mmol) and analysed on 17.596 SDS-poly- 
acrylamide gels as previously described [12]. 

IRNA isolation. ТЕМА was isolated from sta- 
tionary-phase yeast cells of С. albicans as previ- 
ously described [13], and separation by two-di- 
mensional polyacrylamide gel electrophoresis was 
essentially as described by Fradin et al. [14]. Gels 
were stained with aqueous methylene blue for a 
short period to visualize the separated tRNAs, 
which were then eluted as follows; a piece of gel 
containing the tRNA(s) of interest was cut out, 
crushed with a sterile glass rod, and resuspended 
in 0.5% SDS, 0.3 M NaCl, 0.01 M Tris-HCl (pH 
7.4). Following incubation at 37?C for 1 h, the gel 
slurry was centrifuged through siliconized glass 
wool to remove solid material and the tRNA was 
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precipitated with 2.5 vol. of 95% ethanol at — 20°C. 
The precipitated tRNA was taken up in 5 pl of 
water prior to addition to the translation system. 


Results 


Total tRNAs. isolated from a number of differ- 
ent organisms, were examined for their ability to 
allow in vitro translation to continue past natural 
UGA and UAG termination codons. Such 
termination readthrough can be assayed in vitro 
by examining readthrough of the rabbit fi-globin 
UGA terminator |13,15,16] and the Brome Mosaic 
Virus (BMV) cost protein UAG terminator [13]. 
In each case an elongated polypeptide is synthe- 
sized which can be separated electrophoretically 
from the normally terminated translation product, 
and thus allows a quantitation of the efficiency of 
readthrough. We have previously shown [4.13] that 


a. b. 


such a system can be used to assay yeast nonsense 
suppressors in a homologous cell-free system. As 
shown in Table 1, a number of tRNA samples 
examined contained UGA suppressor activity, with 
the exception of tRNA from wheat and soybean. 
The UGA suppressor activities іп Е. coli [3]. S. 
cerevisiae [4] and rabbit reticulocyte [6] have been 
previously described. Іп S. cerevisiae the major 
endogenous UGA suppressor activity comes from 
a mitochondrial (ЕМА"" [4,5]. tRNAs from both 
strains of C. albicans examined (304 and С9) had 
significant UGA suppressor activity and were also 
capable of inducing САС readthrough (Table 1). 
Of the other tRNAs examined only tRNA from ап 
S. cerevisiae strain carrying the SUP6/ amber 
suppressor mutation gave detectable UAG read- 
through. 

Fig. 1 shows the in vitro products synthesized 
in the presence and in the absence of the C 





Fig. 1. Readthrough ef UAG and UGA natural termination codons induced by C albicans URNA in а yeast cell-free system. (а) 
Rabbit globin mRNA (400 pg/ml) was translated in vitro and tRNAs. added at a final concentration of 80 pg/ml, were as follows 
lane 1, no tRNA; lane 2, (ЕМА from a sup’ [rho^ | strain of S. cerevisiae: lane 3. URNA from C. albicans strain 304; lane 4. RNA 
from C. albicans strain C9, Hb is the globin polypeptide and 8’ is the B-globin-specific. UGA readthrough polypeptide. The lysate 
used was prepared from a sup * [rho!] strain and thus lacked the major endogenous. mitochondrially coded UGA suppressor (RNA 
activity [4]. (b) BMV RNA (120 pg/ml) was translated in vitro and tRNAs were added at a final concentration of 80 pg/ml as 
follows; lane 1. no tRNA; lane 2. tRNA from a sup” strain of S. cerevisiae: lane 3, (ЕМА from С. albicans strain 304; lane 4. RNA 
from S. cerevisiae strain carrying the SUP6/ amber suppressor. CP = BMV coat protein; CP’ and CP" are the two BMV-specific 


amber readthrough polypeptides [13]. 
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TABLE I 

ABILITY OF WILD-TYPE (ЕМА TO TRANSLATE THE 
UGA AND UAG TERMINATION CODONS IN A YEAST 
CELL-FREE SYSTEM 


Total (ЕМА was isolated from stationary-phase cells of S, 
cerevisiae, 5. pombe, С. albicans апа Е. coli, as previously 
described [13]. Mucor tRNA was the gift of Professor. P. 
Sypherd (U.C. Irvine), and tRNAs from reticulocyte. soybean 
and wheat germ were gifts from Dr. М. Wills (University of 
Utah). (RNA (80 ng/ml) was added to a veast cell-free system 
and readthrough of the rabbit B-globin UGA terminator and 
the Brome Mosaic Virus coat protein cistron UAG terminator 
was assayed as previously described [17]. The cell-free system 
was prepared from а sup ^ [psi * | [rho"] strain of S. cerecrsiae 
to eliminate. endogenous ЏОА readthrough by the 
mitochondrially-coded КМАТ? [4]. Spermidine (0.2 mM) was 
present in all assays [21]. n.t. = not tested. 








Source of (RNA UGA UAG 
readthrough  readthrough 
(%) (%) 
No tRNA <1 <1 
Saccharomyces cerevisiae 372 <1 
Schizosuccharomyces pombe 4.1 «i 
Candida albicans (304) 51.6 49.6 
Cundida albicans (C9) 44.7 45.0 
Escherichia coli 18.7 <1 
Rabbit reticulocytes 223 <] 
Mucor racemosus &1 xi 
Soybean <1 < 
Wheat germ 21 <1 
5. cerevisiae (У0ОР61-а) n.t. 42.0 








albicans tRNA. The effect of С. albicans tRNA оп 
rabbit globin translation products was dramatic 
(Fig. 1a). A significant shift in migration of both 
the globin and the f-globin readthrough pely- 
peptide ( В’) was observed, with both bands being 
more disperse in appearance. tRNAs isolated from 
both C. albicans strains examined had this effect 
(Fig. 1a). We cannot rule out the possibility that 
some degree of readthrough of the UAA (ochre) 
terminator of a-globin mRNA is also taking place 
in the presence of C. albicans ТЕМА; the a-globin 
readthrough polypeptide (а) normally migrates 
slightly behind the f-globin readthrough роју- 
peptide, but is normally only synthesized in the 
presence of ochre suppressor tRNA іп the yeast 
cell-free system if the globin mRNA is heat-dena- 
tured prior to translation [13]. In the UAG assay 
(Fig. 1b) two BMV coat protein readthrough poly- 


peptides are synthesized in the presence of either 
the С. albicans tRNA (lane 3) or the S. cerevisiae 
SUP61 tRNA (lane 4); CP’ is synthesized as a 
result of readthrough of the UAG terminator of 
the coat protein cistron, and СР” from the ad- 
ditional readthrough of the next in-phase termina- 
tion codon (UGA) [13]. A difference in the migra- 
tion of the BMV coat protein, in the presence of 
С. albicans tRNA only, was reproducibly observed 
although this was not quite as marked as the 
mobility shifts observed with the globin poly- 
peptides (see above). This was suggestive of mis- 
sense errors also being induced by the tRNA from 
C. albicans during in vitro translation, and pre- 
liminary peptide analysis has revealed at least one 
major difference in V8 proteinase digestion prod- 
ucts of the BMV coat protein synthesized in the 
presence of C. albicans tRNA compared to coat 
protein synthesized in the presence of SUP6/ (and 
sup ' ) S. cerevisiae tRNA (data not shown). 

The in vitro efficiency of all three classes (UAG, 
UGA апа UAA) of yeast tRNA-mediated non- 
sense suppressors is greatly influenced by the [ psi] 
phenotype of the yeast strain used to prepare the 
lysate [17]. [ psi] is a cytoplasmic determinant that 
in vivo modulates the efficiency of yeast ochre 
suppressors, suppression being much greater in 
[ psi | than in [ psi” | lysates, this holding true for 
both mutant [17] and natural suppressor tRNAs 
[4]. We therefore examined the efficiency of the С. 
albicans tRNA in both types of lysate, and com- 
pared it to a known yeast suppressor tRNA, in 
this case the SUP6/ amber suppressor tRNA (Fig. 
2). Surprisingly, the efficiency of amber read- 
through (Fig. 2b) and UGA readthrough (data not 
shown) induced by the C. albicans tRNA was high 
irrespective of the [ psi] phenotype of the lysate. 
The in vitro efficiency of SUP6/ tRNA was clearly 
[ psi]-dependent (Fig. 2a). The other heterologous 
UGA suppressor tRNAs, identified in a [psi*] 
lysate (see Table 1), had no detectable activity in a 
[psi | lysate (data not shown). 

tRNA from C. albicans can therefore efficiently 
translate both the UGA and the UAG termination 
codons in vitro, and appears to cause some degree 
of mistranslation of sense codons in natural 
mRNAs. We have isolated tRNAs from C. al- 
bicans at various life- and growth-cycle stages, 
including exponential- and stationary-phase yeast 


TABLE II 

THE EFFECT OF GROWTH PHASE AND DIFFERENTI- 
ATED STATE ON C. ALBICANS tRNA ЧАС READ- 
THROUGH ACTIVITY 














Ж 
З In each case 2.0 pg of unfractionated tRNA were added per 25 
9 jl translation assay and assayed as described in the legend to 
$ Table I. 
ы State of cells UAG readthrough 
ГО) (%) 
а 
2 Early logarithmic growth : yeast 49.6 
- Late logarithmic growth : yeast 46.3 
Stationary phase: yeast 46.7 
Stationary phase: ћурћа! 42.6 
0125429012345 | | 
cells, and hyphal cells; in all cases identical *sup- 
ug tRNA/ assay | pressor еГ сепсе“ (defined as percent read- 
Fig. 2. The efficiency of amber readthrough in [psi | and through per ug tRNA) were observed (Table II). 
[psi | cell-free lysates mediated by either (a) S. cerevisiae ; o 2 M 
Ў suggesting that this activity probably does not play 


SUP61-a tRNA or (b) C. albicans tRNA. The experiment was > : Ж 
carried ош as described іг the legend to Fig 1, in either а lysate a role during cell differentiation [19]. 
prepared from а sup | psi* | strain (a), or in a lysate prepared Finally, we determined whether one or more 


from an isogenic [ psi | strain (A) isolated by guanidine hydro- tRNA species were responsible for the in vitro 


chloride mutagenesis [17]. 
A B С 


e. 


10 


“SUPPRESSOR 
tRNA 





Fig. 3. Separation of C. albicans (RNA by one-dimensional and two-dimensional gel electrophoresis: Identification of {КМА able to 
translate UAG and UGA codons in vitro. (a) One-dimensional separation of C. albicans tRNA showing the three fractions (labelled 
А. B and C) eluted in the preliminary screen; (b) two-dimensional separation of С. albicans tRNA, tRNAs were eluted and their 
suppressor activities were assayed in vitro as described in Materials and Methods. The tRNA with suppressor activity is indicated 
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effects of the C. albicans ТЕМА. As a first step, 
total (RNA from C. albicans strain 304 was frac- 
uonated on a one-dimensional polyacrylamide gel 
and the tRNA was eluted from three different 
regions of the gel (A, B and C; Fig. 3a). Only the 
tRNA from region С had in vitro readthrough 
activity. Following а second-dimensional sep- 
aration step (Fig. 3), tRNA was eluted from the 
five observable spots (Fig. 3b). Only tRNA from 
one of these spots induced in vitro readthrough, 
and was able to induce both UAG and UGA 
readthrough. It was concluded that most probably 
a single tRNA species was responsible for the 
observed in vitro effects of the C. albicans tRNA, 


Discussion 


tRNAs from non-suppressor (wild-tvpe) cells, 
capable of translaung the UGA [3-8] or UAG 
[9-11] termination codons in vitro have been de- 
scribed. This is the first report of a eukaryotic 
tRNA species, wild-type ог mutant, that is capable 
of translating both termination codons in vitro. If 
it is a bona fide suppressor tRNA relying on 
standard codon: anticodon interactions, it is un- 
usual in that its in vitro efficiency is not influenced 
by the [ psi] phenotype of the cell-free lysate; all 
suppressor tRNAs examined to date in the yeast 
system are much less efficient in [psi] lysates 
[4.17]. This suggests that it has a significant ad- 
vantage over the natural termination mechanism, 
because evidence suggests that termination is very 
efficient in [ psi ^] but not in [ psi*] lysates [17]. 
Тһе C. albicans ТЕМА can also mistranslate sense 
codons with high frequency, as judged by the 
aberrant migration of in vitro synthesized pely- 
peptides on SDS-polyacrylamide gels. 

The results presented here are not an artefact of 
the yeast cell-free system, because similar effects 
with C. albicans tRNA have been observed in both 
the mammalian system of Schreir and Staehlin 
[20], and rabbit reticulocyte cell-free translation 
systems (Wills, М. and Gesteland, R., personal 
communication). A homologous cell-free system 
from С. albicans has yet to be developed. 

Two-dimensional gel fractionation suggests that 
the tRNA responsible is most likely a single species, 
and preliminary aminoacylation experiments sug- 


gest that the tRNA eluted from the two-dimen- 
sional gel (Fig. 3b) сап be charged with [^ H]leucine, 
in both S. cerevisiae and C. albicans cell-free 
extracts (Bower, Р.А. and McLaughlin, C.S., un- 
published data). One can only speculate upon the 
structure and function of a tRNA capable of 
reading both С and A at the second and third 
positions of a codon, respectively. Modification of 
anticodon bases [10] and of bases outside this 
region [3,8] can significantly alter the coding ргор- 
erties of a tRNA so that it is able to translate a 
termination codon. We are currently isolating and 
sequencing this tRNA, both at the RNA and the 
DNA levels, in order to determine precisely the 
structure of this novel, naturally occurring sup- 
pressor tRNA. 
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This work is an investigation of the practicality of kinetic control of the length of very short deoxynucleotide 
homopolymeric additions by terminal deoxynucleotidyltransferase. For such very short additions, the 
possibility that terminal deoxynucleotidyltransferase acts differently with each deoxytriphosphate, or shows 
interaction effects when presented with multiple deoxytriphosphates, was investigated. Different relative 
rates of priming and different relative rates of subsequent additions were found for each deoxytriphosphate. 
Each triphosphate reacted uniquely, and спе case of interaction was found, with adenosine interfering with 


cytidine addition. 


Introduction 


Terminal deoxynucleotidyltransferase (ЕС 
2.7.7.31) catalyzes the addition of deoxvribonuc- 
leotides to the 3'-ОН end of a nucleic acid primer, 
independently of the template. Primers terminat- 
ing in DNA are preferred, but since multiple ad- 
ditions of ribonucleotides are also possibie [1], the 
primer can also have RNA at its 3' end, at least. А 
previous paper [1] has demonstrated sequence de- 
pendence in the primer and measured K,, and 
Vua for the various deoxynucleotides, but since 
the work was performed before the high-resolution 
sequencing gels were available, the different ad- 
dition products could not readily be compared. 
There have therefore not been any published stud- 
ies, comparing each nucleotide at early stages in 


Abbreviations: dAdo, deoxyadenosine; dCyd, deoxycytidine; 
dGuo, deoxyguanosine: dThd, deoxythymidine 


the addition process, in which the various products 
have been resolved. 

Му goal was to investigate the difference in the 
number of additions between each nucleotide. 1 
reasoned that the early stage of the addition pro- 
cess would be the most easily observed. Further- 
more, since terminal deoxynucleotidyltransferase 
probably interacts with multiple bases at the 3’ 
end of its primer, | suspected that having hetero- 
polymeric 3” ends would provide more information 
to terminal deoxynucleotidyltransferase that it 
might use to exercise a preference. Again, this 
would only be observable during the early stages 
of addition. 

This work documents that it is possible to gen- 
erate substrates with very short homopolymeric 
additions, that each nucleotide is treated some- 
what differently by terminal deoxynucleoti- 
dyltransferase at the beginning of additions, as 
well as at later stages, and that there is interaction 
between nucleotides, even for these short ad- 
ditions. 
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Materials and Methods 


Enzymes. Terminal deoxynucleotidyltransferase 
from PL Biochemicals (lot 730-12) was used for all 
these studies. We have noticed some variations 
within the same lot in the activity of enzyme from 
different tubes (data not shown). T, polynucleo- 
tide 5'-hydroxyl-kinase (EC 2.7.1.78) was used as 
part of the Bethesda Research Laboratories end- 
labelling kit. 

Nucleotides and primers. |y- P]ATP was ob- 
tained from ICN. and the nonradiactive dNTPs 
used were from Sigma or PL Biochemicals. The 
New England Biolabs 15тег sequencing primer 
and both the New England Biolabs and the PL 
Biochemicals 17mer sequencing primers were used 
for priming terminal deoxynucleotidyltransferase 
additions of nucleotides. 

Initially, primers were separated from reaction 
mixtures using Schleicher & Schuell Ешир М Col- 
umns. In later experiments, to desalt, concentrate 
and purify to a greater degree, phenol-extracted 
reaction mixtures were passed through an 8 ml, 0.5 
cm diameter Sephadex G-50 (Sigma) column. pre- 
viously washed with Н.О. The primers were ex- 
cluded. 

Chemicals. Electrophoresis-grade chemicals were 
obtained from Bio-Rad, and miscellaneous chem- 
icals were from Fisher or Sigma. 

Terminal deoxynucleotidyltransferase buffer. The 
Ме *-containing buffer [1] was chosen rather than 
the Со’* buffer [2]. because additions were ех- 
pected to be slower for the Ма” *-containing buffer 
[1.2], and I expected that, since Mg** is the ‘natu- 
га’ cation, more inherent specificity would be 
observed. Furthermore, the reaction was con- 
trolled by increasing the Na‘ concentration, as 
this is known to be inhibitory [1]. 

Overview. "P was added as а S'-phosphate 
group to sequencing primers. The purified YP- 
labeled primers were used in terminal de- 
oxynucleotidyltransferase reactions. These reac- 
tions were terminated by the addition of EDTA to 
20 mM, and aliquots were run on 0.35-0.5 mm- 
thick. acrylamide-urea gels. Autoradiography was 
performed for 12-48 h with one Dupont (lightning 
plus) intensifier screen. 


Results and Discussion 


Early addition differences 

Early addition differences between the various 
triphosphates тау be due to two factors. One 
factor could be the different rates at which termi- 
nal deoxynucleotidyltransferase interacts with the 
nucleotide. independently of differences in the 
DNA sequence of the primer. Since the same 
primer is used with the different nucleotides, the 
extent to which the primer is used at all gives а 
measure of the nucleotide interaction rate. Another 
factor could be the different rates at which termi- 
nal deoxynucleotidyltransferase acts with primers 
altered by at least one addition: once a nucleotide 
is added, the primer is altered. in that the 3° end 
had a different sequence and, possibly. bv the 
presence of terminal deoxynucleotidyltransferase 
in activated form. Differences in the pattern of 
more than one addition would be due to both 
effects. 

Both factors are clearly evident in the data 
presented in Fig. 1. The figure has three panels, 
each from a different set of reactions. In all cases. 
the primer is the New England Biolabs pentade- 
camer sequencing primer, labelled at the Y end 
with [y- " P]ATP and T, polynucleotide kinase. 

Therefore, regardless of length, every molecule 
contributes the same amount to the resulting sig- 
nal. The panels contain autoradiograms of polv- 
acrvlamide gels of the type used to separate prod- 
ucts for DNA sequence determination. In this 
case, aliquots of the terminal deoxynucleoti- 
dyltransferase reactions were electrophoresed. 
Panel A results from the use of a relatively long 
reaction time with relatively low amounts of tri- 
phosphates and terminal deoxynucleotidyltrans- 
ferase. The results in panel A seem similar to those 
in panel В, which resulted from relatively short 
reaction times and higher concentrations of tri- 
phosphates and terminal deoxynucleoti- 
dyltransferase. Panel C contains the results of 
obtained with of longer reactions tunes under the 
same conditions used to obtain the results in panel 
B. 

The lanes resulting from addition of dGuo show 
an unexpected result, especially at longer reaction 
times: the distribution of lengths is trimodal. 
Modes are observed for the primer with по ad- 
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Fig. 1. Early addition of deoxynucleotide homopolymers. Рап- 
els A, B and С: lane 1, no terminal deoxynucleotidyl trans- 
Ка | ferase (TdT), Panel А: Lanes 2-9. 6 units TdT per 10 pl 
reactions mixture, incubation at 37°C. and one of the de- 
oxynucleoside triphosphate at 10 uM; lanes 2 and 3. GTP: 
lanes 4 and 5, ATP; lanes 6 and 7, TTP; lanes 8 and 9, CTP; 


3 


lanes 2. 4, 6 and 8, 10-тіп reaction; lanes 3. 5, 7 and 9, 30-min 


reaction. Panel B: lanes 2-12, 27 units TdT per 10 yl reaction: 
incubation at 37°С, and опе of the deoxynucleoside triphos- 
phate at 1 mM; lanes 2-4, GTP: lanes 5. 6 and 8. АТР: lanes 7. 
9 and 10. ТТР; lanes 11-12. СТР; lanes 2 and 11. 20-5 
reactions; lanes 3 and 12. 40-s reactions; lanes 5 and 7, 30-s 
reactions; lanes 4. $ and 10, 120-s reactions; lanes 6 and 9, 50-5 


reactions. Panel С: lanes 2-12. 27 units TdT per 10 ul reaction, 





incubation at 37°С with one of the deoxynucleoside tri- 





ft 2 i 4 phosphates; lanes 2-4, 5-тіп reactions with dGTP. lane 2. 33 

A L L— “- У. 
ы б: imM A ImM T imMC uM dGTP, lane 3, 110 uM dGTP; lane 4, 330 uM dGTP; 
ret 33 ПО 330 latens 5-7, 1 mM dATP; lanes 8-9, 1 mm dATP; lanes 10-12. 
AM aM мМ | mM dCTP; lanes 5. 8 and 10, 2-min reactions; lanes 6. 9 and 


5 5 5: 2: 8" ДӨ +2 5; “5 10° 11, 5-min reactions; lanes 7 and 12, 10-min reactions. 


dition, at the addition of five dGuo апа approxi- 
mately at the addition of 12 dGuos. I cannot rule 
out the possibility that the mode at the +12 
position is an artifact due to intra- or intermolecu- 
lar aggregation mediated by poly(dGuo). In spite 
of this uncertainty, it is clear that the primer is 
utilized quickly and, once a dGuo residue is ad- 
ded, the addition of more dGuo residues occurs 
rapidly (shown in panel B). One difference is 
apparent between panels A and B. The shorter 
reaction lacks the mode at +5 (seen in panel A). 
One explanation for this could be that, with the 
longer reaction at lower concentrations of АОТР, 
the 3’ sequence of five dGuos is more likely to 
terminate additions than in the reactions with a 
higher dGTP concentration. 

The lanes resulting from the additions of dAdo 
show a different. bimodal distribution. As with 
dGuo additions, one mode is at the primer alone, 
implying that for dAdo additions, once a single 
dAdo is added to a primer, И preferentially re- 
ceives subsequent additions. The single higher 
mode, which is only visible in panel C, changes 
with time. There are two possible explanations for 
this; either dGuo and dAdo additions are similar. 
and dGuo causes aggregation, or there are inher- 
ent differences in the way terminal transferase 
adds dGuo or dAdo to a primer that already has a 
homopolymer extension at the 3’ end. There must 
be some differences, however, since less of the 
primer is left in the lanes due to dGuo addition, 
perhaps because terminal transferase favors ad- 
dition to long poly(dAdo) rather than to 
poly(dGuo). 

The lanes due to addition of dThd only show 
one mode, at the primer. The primer is utilized for 
the first addition about as often for dAdo as for 
dThd, but subsequent additions occurs more fre- 
quently for dAdo. Using the PL Biochemicals 
heptadecamer sequencing primer, a mode devel- 
oped at the band due to - 3 (dThd) additions, and 
was maintained until fairly long additions were 
also present (not shown). This is likely to be a 
sequence-dependent effect. 

The lanes due to addition of dCyd show dif- 
ferences from all the other lanes. In this case, the 
mode keeps changing and long additions are not 
favored, the variation in number of additions being 
small and controllable. The primer is utilized more 
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quickly than with all the other deoxynucleotides 
except dGuo. All of these results could be ex- 
plained И terminal transferase were more proces- 
sive with other deoxynucleotides than with асуд. 
In other words, it appears that terminal transferase 
and the 3’ end of its primer form ап activated 
complex that is more stable after adding other 
bases than it is after adding dCyd. 

| wanted to test whether, when two deoxynuc- 
leotides were used at the same time (Fig. 2), the 
pattern. would be as predicted by summation of 
the two individual patterns. Previous work [1] sug- 
gests that a purine would noncompetitively com- 
pete with a pyrimidine, at least for long ћотороју- 
meric additions. As Fig. 2. lanes 3 and 4, shows, 
when both dGuo and dCyd were added. the distri- 
bution of lengths is no longer trimodal, às it was 
with dGuo alone. Additionally, lanes 6 and 7 show 
that when both dAdo and dCyd were added, not 
only is the the bimodal pattern eliminated, but 
fewer dCyds are added than when dCTP is used 
alone. The presence of dATP interfered with the 
addition of dCyd. This shows competition during 
the addition of only a few bases, extending the 
results obtained in previous work. 

The data, taken together, are evidence for three 
complexities in the way terminal transferase inter- 
acts with its two substrates. The addition of homo- 
polymer provides evidence that terminal trans- 
ferase reacts differently with each dNTP (Fig. 1). 
This 15 consistent with Ко and Kaa differences 
reported previously [1]. Furthermore, the sequence 
of the primer influences the rate of addition. This 
has been suspected, but not clearly demonstrated 
[1]. Additionally, when more than one deoxynuc- 
leotide triphosphate is present, complex interac- 
tions occur, even for very early additions. This has 
been reported previously for lengthy products |11, 
but not for very early additions. 

Taken together, these data suggest the following 
model for terminal deoxynucleotidyltransferase 
function. Free terminal deoxynucleotidyltrans- 
ferase, dNTP and primer form a complex. If the 
rate at which this occurs 18 slower than the rate at 
which bases are added once it does occur, this 
would explain the observations that the primer 
needs to be activated (this paper and Ref. 1). The 
rates for the addition of the first base for the 
deoxynucleotides, from our data, appear to have 
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Fig. 2. Addition of very short copolymers of deoxynucleotides. 
Lane 1, no terminal deoxynucleotidyltransferase (TdT). Lanes 
2, 27 units TdT per 10 pl reaction for 5 min at 37°C: lane 2. 
30 „М dGTP; lane 3. 30 М dGTP plus 1 mM dCTP; lane 4, 
100 АМ dGTP plus 1 mM dCTP; lane 5. 1 mM dCTP: lane 6, 
100 иМ dATP plus 1 mM dCTP; lane 7. 1 mM dATP plus 1 
mM dCTP. 


the following order: dGuo > dCyd > dAdo = 
dThd. These relative rates would then be. if this 
model is correct, the relative rates for complex 
formation. The nucleotide is added, but terminal 
transferase can sometimes remain in an activated 


state bound to the primer. This may be visualized 
formally as follows, where Р is the primer. of 
length 1, Е is terminal transferase, and М is a 
dNTP. 


E+P e Е.Р (1) 
E-P, +M e E-P -M (2) 
Е-Р-М Е.Р, | (3) 


If this describes what in fact occurs, the pattern of 
additions would then be influenced by the rate at 
which the enzyme dissociations from the primer. 
The faster the dissociation, the fewer the number 
of bases added to molecules that have been 
‘primed’ with at least one addition. The rate at 
which this dissociation. occurs depends on the 
nucleotide added (and therefore the new 3' end of 
the primer) and generally has the order dGuo < 
dAdo < dThd < dCyd. The K,, and Г. values 
have been measured previously [1] and are in the 
following order: for К. dAdo = dGuo < dThd < 
dCyd; for Ко. dAdo > dGuo > dCyd > dThd. 
Additionally, there are bases other than the 3' 
terminal base that affect the dissociation rate ( Ref. 
1 and this paper). and the above dissociation rate 
order may be specific for the sequency of the 
pentadecamer primer used. 
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In vitro transcription experiments were carried out with recombinant plasmids containing the promoters of 
the rrnB gene of Escherichia coli, and with deletion mutants lacking various lengths of the AT-rich sequence 
upstream from the P, promoter of that gene. The main conclusions are as follows: (a) The in vitro 
transcriptional activity of the P, and Р, promoters of the rrnB gene are an order of magnitude higher on 
closed-circular (supercoiled) templates than on linear DNA; (2) the strong P, and P, promoters are 
heparin-sensitive on linear templates, and on circular DNA only Р, is heparin-resistant; (3) removal of the 
upstream AT-rich region did not decrease the apparent in vitro strength of the P, promoter under standard 
conditions (50 mM KCI, high RNA polymerase / DNA ratio); (4) at higher salt concentrations, or with a 
lower RNA polymerase / DNA ratio, the deletion mutants displayed much lower in vitro transcriptional 
activity than the wild-type, and the apparent weakening of the P, promoter was roughly proportional to the 
length of the deleted AT-rich sequence. The implications of these findings for the possible in vivo role of the 


AT-rich region are discussed. 


Introduction 


A recent review [1] compiled the sequences of 
168 Escherichia coli promoters and this list has 
grown steadily since then. From these sequences, 
and from the analysis of mutants of several well- 
known promoters, generated in vivo and in vitro, a 
general picture of the E. coli promoter seems to 
emerge (see also McClure [2]. The prototype E. 
coli promoter consists of two functionally im- 
portant parts, the so-called —35 and — 10 regions, 
with TTGACA and TATAAT as the ideal, or 
consensus, sequences, separated by a 17-bp-long 
spacer region. Al! existing promoters differ some- 
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what from this prototype, but it is generally be- 
lieved that the functional strength of any individ- 
ual E. coli promoter is correlated with the degree 
of its similarity to the consensus sequence. The 
boundaries of a promoter are not always well 
defined, but experiments with chemically synthe- 
sized promoters indicate that 42 basepairs are 
sufficient to create à very strong functional pro- 
moter [3]. This does not necessarily mean that 
DNA sequences outside this region do not play 
any role in the proper functioning of a promoter. 
Several strong promoters have characteristic AT- 
пећ sequences upstream of the consensus se- 
quence. Klein and Wells [4] demonstrated that the 
insertion of poly(dA): poly(dT) upstream of the 
lacUV5 promoter enhances the binding of poly- 
merase to the promoter. Lamond and Travers [5] 
removed the DNA between —40 and ~ 98 up- 
stream of the rT promoter and found that the 
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activity dropped 10-fold. Travers [6] detected com- 
mon features іп the upstream sequences of several 
stable RNA gene promoters and suggested that 
these sequences might play some role in determin- 
ing their activity. These observations prompted us 
to investigate the role of such upstream sequences 
in determining the activity of the very strong pro- 
moter (P,) of an rRNA gene (rrnB). 


Materials and Methods 


Escherichia coli HB101 [7] host was used to 
maintain recombinant plasmids. 

Restrictions endonucleases were prepared in this 
laboratory and were used according to the recom- 
mendations of New England Biolabs. RNA poly- 
merase. Т, DNA ligase апа DNA polymerase 
Klenow fragment were prepared according to pub- 
lished procedures [8-10]. BAL 31 nuclease was 
obtained from New England Biolabs. 

[a-"PJATP. [a-"P]dATP] and [a-"P]dCTP 
were from IZINTA (Budapest). Linkers were ob- 
tained from New England Biolabs. АН other 
materials were analytical-grade commercial prod- 
ucts. 

Recombinant DNA experiments were рег- 
formed using standard methods, as described in 
the manual of Maniatis et al. [11]. 

The structure and construction of the plasmids 
p511-20 and р408-5 are described in a previous 
paper [12]. Both of these plasmids carry a shor- 
tened rrnB operon of Е. coli between the EcoRI 
and Poull restriction sites of pBR322 (Fig. 1). 
Derivatives of the p408-5 plasmid with deletions 
upstream of the promoter were constructed by 
cleavage at the unique EcoRI site, and after limited 
BAL 31 nuclease digestion, religation with T, DNA 
ligase. In order to facilitate sequencing, ligation 
was Carried out in the presence of synthetic linkers 
(EcoRI or BamHI) in most experiments. In these 
cases, ligation was followed by cleavage with the 
respective restriction endonuclease, and religation. 
The end-points of the deletions were determined 
by sequencing the relevant part of the plasmid 
DNA. DNA fragments were labelled by filling the 
3’ ends using DNA polymerase Klenow fragment 
with [a-?P]dATP or [a-"P]dCTP. DNA se- 
quences were determined by the Maxam-Gilbert 
procedure [13]. 


Plasmid DNA was prepared by the method of 
Clewell and Helinski [14] using CsCl centrifuga- 
tion or Sephacryl-1000 chromatography in the fi- 
nal purification step. DNA fragments were iso- 
lated by agarose gel electrophoresis and electroelu- 
tion. All DNA electrophoresis was on horizontal 
agarose slab gel according to Helling et al. [16]. 
ВМА electrophoresis was on denaturing 4% poly- 
acrylamide 7 M urea vertical slab gels according to 
Maniatis et al. [17]. 

In vitro transcription was carried out essentially 
as described by Glaser and Cashel [18]. 


Results 


The seven genes coding for rRNA in E. coli 
have basically similar structures. The promoter 
regions of six of them have been sequenced [19-22]. 
They all have two strong promoters, P, and Р,, 
located about 110 basepairs apart. The ""пВ gene 
analyzed by us has a distinguishing feature, prob- 
ably not shared by the other rRNA genes; it is 
preceded, more than 1 kb upstream, by another 
pair of promoters 70 basepairs apart (P, and Р,). 
Transcription starting from these promoters pro- 
ceeds without termination through P, and P.. into 
the rrnB gene [23]. 

Recently, we cloned all these promoters on a 
pBR322-derived plasmid and constructed several 
deletion derivatives by removing one or more of 
them, changing their relative distances, and remov- 
ing upstream or downstream regions in the vicinity 
of the promoters [12]. Two of these plasmids are 
shown in Fig. 1. Plasmid p511-20 carries all four 
promoters, while p408-5 contains only P, and Р.. 

We chose to analyze the role of upstream re- 
gions in determining promoter strength by estimat- 
ing the amounts of specific transcripts synthesized 
in vitro using purified RNA polymerase holoen- 
zyme. First, we wanted to optimize the assay con- 
ditions with respect to the following parameters: 
concentration of salt (monovalent cation), con- 
centration of heparin (an agent generally used in 
in vitro transcription experiments for reducing 
nonspecific transcription), and conformation of 
template DNA (circular or linear). 

As Fig. 2 shows, the behavior of the four pro- 
moters of the rrnB region is very different with 
respect to changes in these parameters. The P, and 
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P, promoters are relatively much stronger оп lin- 

ear DNA than on circular template and they are 

also strongly resistant to heparin. Their salt resis- 
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Fig. 2. In vitro transcription on p511-20 plasmid DNA. Upper 
panel: circular template. Lower panel: DNA linearized with 
Нта digestion. The middle lane represents standard condi- 
tions: 50 mM KCI. no heparin. Ratio of RNA polymerase to 
DNA, 5:1 (weight). In experiments with heparin. DNA + 
polymerase were preincubated for 5 min, then heparin was 
added and the reaction was started after 5 min by the addition 
of nucleoside triphosphates. Reactions were stopped after 20 
min by phenolization and transcripts were analysed by electro- 
phoresis on 4% acrvlamide-urea gels and autoradiography. The 
right-most lane in the upper panel contains molecular weight 
markers. 
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Fig. 1. Schematic structure of plasmids р408-5 
and р511-20. Some selected restriction. sites 
are indicated. Black. bars, DNA coding for 
mature rRNA: P and Т. promoters and 
terminators of the rrnB gene, 


tance (especially that of P,) is also much higher 
than that of P, or Р,. On circular template. a high 
salt concentration markedly increases their 
strength: 0.2 M appears to be optimal. P, and P. 
work much better on circular DNA. On linear 
template they are heparin- and salt-sensitive. On 
circular DNA Р, is heparin-resistant, while P, 15 
not, and both are more resistant to salt than on 
linear template. It must be added that the upper 
and lower panels depict the results of independent 
experiments. The autoradiogram in the upper panel 
was exposed for a shorter time because the overall 
transcriptional activity (incorporation of the radio- 
active precursor into trichloroacetic acid precipita- 
ble material) is approximately an order of magni- 
tude lower on linear template than on circular, 
template. 

These results are in complete agreement with 
earlier data from this laboratory [24] indicating 
that on linear DNA, the polymerase binding abil- 
ity of the P, and P, promoters was much stronger 
than that of P, or Р,. The results shown in Fig. 2 
also might serve as a warning; comparison of the 
strength of different promoters in vitro under апу 
single set of conditions does not necessarily reflect 
the in vivo activity, and conclusions drawn from 
such experiments might be misleading. 

From the experiments described above, we con- 
cluded that for studving P, and P. promoters, the 
standard in vitro conditions should be: circular 
template, low salt concentration (50 mM), по 
heparin. Under these circumstances the in vitro 
transcriptional activities of P, and P. are ар- 
proximately equal, and both appear to be much 
stronger than any other promoter present on the 
pBR322 plasmid. In the next series of experiments, 
in order to study the role of upstream regions. 
deletion mutations were introduced by the tech- 
nique of controlled BAL 31 digestion that re- 
moved parts of the upstream region, but left the 
consensus sequence of the P, promoter intact. P. 
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-35 -10 
rrnB P,  GTTGCGCGGTCAGAAAATTATTTTAAATTTCCTCTTSTCAGGCCGGAATAACTCCCTATAATGCGCC 
5910 CCGGATCCGGAGAAAATTATTTTAAATTTCCTCTTGTCAGGCCGGAATAACTCCCTATAATGCGCC 
10d1 GGAATTCCTTTAAATTTCCTCTTGTCAGGCCGGAATAACTCCCTATAATGCGCC 
10d2 GGAATTCCTAAATTTCCTCTTGTCAGGCCGGAATAACTCCCTATAATGCGCC 
5965 CCGGATCCGGTTCCTCTTGTCAGGCCGGAATAACTCCCTATAATGCGCC 
10d3 GGAATTCCCCTCTTGTCAGGCCGGAATAACTCCCTATAATGCGCC 
10d4 GGAATTCCCTTGTCAGGCCGGAATAACTCCCTATAATGCGCC 
5/55 TTTCCCCGTGTCAGGCCGGAATAACTCCCTATAATGCGCC 
10d5 GGAATTCCTGTCAGGCCGGAATAACTCCCTATAATGCGCC 
5d8 CCGGATCCGGGGCCGGAATAACTCCCTA7AATGCGCC 





Fig. 3. Sequences of the deletions. BamHI or EcoRI linker sequences are underlined. In the case of mutant 5/55 no linker was 


employed; underlined sequences are of pBR322 origin. 


also remained intact, and the amount of P, tran- 
script synthesised in each experiment served as an 
internal control. 

The sequences of the deletion mutants are shown 
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Fig. 4. In vitro transcription on mutant plasmids. Plasmid 
DNA was in circular form. RNA polymerase: DNA ratio 
(weight), 5:1. Conditions are the same as in the middle lane of 
Fig. 2. (A) 1, 5410 ОМА: 2. 5d65 DNA; 3. 5/55 DNA; 4, 1045 
DNA; 5. 548 DNA. (B) 1, 5/55 DNA; 2, 548 DNA; 3. 5410 
ОМА; 4, 5465 ОМА. 


іп Fig. 3. The left end-points of all deletions lie 
within the vector ОМА. 

Fig. 4 shows the results of two in vitro tran- 
scription experiments under standard conditions 
with some selected mutant plasmids. Contrary to 
our expectations, the removal of most of the AT- 
rich sequence did not decrease appreciably the 
apparent strength of P, if the —35 region re- 
mained intact. It is interesting to note that the 
intact sequences are identical in mutants 5/55 and 
1045. In both mutants the first (strongly con- 
served) T of the — 35 region is replaced by either 
С or С. While the G-substitution in mutant 5/55 
leads only to the weakening of the P, promoter, 
the C-substitution (in 10d5) completely destroys 
the activity. However, it should be noted that this 
is not the only difference between the two mutants; 
5/55 was formed by direct ligation after deletion, 
while in 1045 an EcoRI linker is inserted. 

In view of the fact that the reaction conditions 
employed in the experiments shown in Fig. 4 are 
optimal in vitro but do not necessarily resemble 
the in vivo conditions, we compared the in vitro 
transcription on some of these mutant plasmids at 
higher monovalent cation concentrations, and at a 
lower ЕМА polymerase/DNA ratio. 

Figs. 5. 6 and 7 shows the result of these 
experiments, comparing the wild-type plasmid with 
a mutant with the AT-rich sequence deleted (10d4) 
and with a mutant in which approximately half of 
this sequence is missing (1041). Table 1 sum- 
marizes the results of these experiments in а 
quantitative form. It can be seen that, while at a 
lower polymerase ЛОМА ratio the wild-type P, and 





Fig. 5. Transcription on plasmid р408-5 (wild-tvpe). (1) Stan- 
dard conditions (RNA polymerase/DNA ratio 5:1, 50 mM 
KCl); (2) RNA polyrerzse/DNA 1:2. 50 mM KCI; (3) RNA 
polymerase/DNA 5:1, 100 mM КС; (4) RNA 
polymerase/DNA 5 1, 150 mM KCI; (5) RNA 
polymerase /DNA 5:1, 200 mM KCI. 


P, promotors are affected similarly (in other words, 
the P/P, ratio remains the same as at a high 
polymerase concentration), in the deletion mutants 
the P,/P, ratio drops about 10-fold. Similarly. 
while the wild-tvpe P, promoter retains its relative 
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Fig. 6. Transcription on the deletion plasmid р1041. (1) Stan- 
dard conditions (RNA polymerase/DNA 5:1, 50 mM КО); 
(2) ВМА polymerase/DNA 5:1, 100 mM KCI, (3) RNA 
роіутегазе/ DNA 5:1, 150 mM КС! (4) RNA 
ројутегазе/ ОМА 5:1, 200 mM КСЕ (5) КМА 
polymerase/DNA 1:2. 50 mM КО 


strength (in comparison to Р,) іп 150 mM КСІ, 
and the P,/P; ratio is about 0.6 even at 200 mM, 
in mutant 1041 such a decrease is seen at 150 mM 
апа, in the case of 1044, is already apparent at 100 
mM, with proportional decreases at higher salt 
concentrations. 


QUANTITATIVE EVALUATION OF THE AUTORADIOGRAMS BY DENSITOMETRIC SCANNING AND PEAK IN- 














TABLE I 
TEGRATION 
Plasmid DNA P, /Р; transcript ratio 
standard 100 mM 
(50 mM КС!) KCI 
Wild-type 1.06 1.19 
р10а1 0.94 0.96 


р1044 0.71 0.48 


150 mM 200 тм 1/19 

KCI КСІ КМА роіут 
0.94 0.59 1.24 j 
0.65 0.21 0.09 

0.20 0.07 0.12 








Fig. 7. Transcription on the deletion plasmid р1044. (1) Stan- 
dard conditions (RNA polymerase/DNA 5:1, 50 mM KCI): 
(2) ЕМА polymerase/ DNA 1:2, 50 mM KCl; (3) ВМА роју- 
merase /DNA 5:1. 100 mM KCI: (4) RNA polymerase / DNA 
5:1. 150 mM KCI: (5) RNA polymerase/ DNA 5:1, 200 mM 
KCl; 


Discussion 


The main purpose of the work reported here 
was to analyse the role of upstream sequences in 
determining the activity of the P, promoter of the 
rrnB gene. The results, however, raised some other 
points worth discussing. 

The first notable observation was the dramatic 
effect of DNA conformation. We compared tran- 
scription on linear and circular plasmid DNA. The 
latter was plasmid DNA isolated from bacterial 
cells by standard procedures. It contained mostly 
(more than 80%, data not shown) supercoiled DNA 
molecules. It can safely be assumed that the ef- 
fectes observed are due to the supercoiled form of 
the plasmid. It has long been known that negative 
supercoiling may increase the efficiency of some 
promoters [25,26]. This has been shown to be true 


for the rrnB promoters as well [27]. Most of these 
experiments, however, have been carried out in 
vivo, or in vitro using crude cell extracts. The 
effect of supercoiling on transcriptional activity 
was assessed by employing the gyrase inhibitors, 
coumermycin or novobiocin; thus the evidence 
was indirect. The results shown in Fig. 1 give 
direct evidence for the differential effect of super- 
coiling on transcription. They might also serve as a 
warning for caution in the interpretation of in 
vitro transcription experiments. Looking only at 
the results with linear template would suggest that 
P, and P, promoters are stronger than P, or Ву 
and, indeed, similar conclusions have been sug- 
gested earlier by our electron microscopy and 
filter-binding studies [23,24]. This conclusion 15 
undoubtedly wrong; in vivo, P, and Р, are the 
stronger promoters. 

The differential effect of conformation on the 
heparin-resistance of these promoters is also worth 
noting. It helps to explain an apparent contradic- 
tion reported by us earlier, namely that rRNA 
transcription on carefully prepared, high molecu- 
lar weight (thus presumably partially supercoiled) 
bacterial DNA started from multiple, heparin-re- 
sistant promoters 128], whereas rRNA transcrip- 
tion on transducing phage DNA, or on restriction 
fragments, was heparin-sensitive [29]. The 
heparin-sensitivity of the strong Р, and P, promo- 
ters (on linear DNA) is exceptional but not unique, 
since this is also true for a tRNA promoter [30]. 
Conclusion, heparin-resistance (assayed on linear 
templates) cannot be correlated with promoter 
strength. 

As several strong Е. coli promoters are pre- 
ceded by AT-rich sequences, we assumed that the 
AT-rich region in front of the "тв P, promoter 
significantly contributes to its strength. Such a role 
of the upstream region was verified in the case of 
the у, Т promoter, where its removal resulted in a 
10-fold drop in transcriptional activity [5]. The 
experiments described here demonstrate that. in 
the case of "тв P,, the situation is somewhat 
more complicated. Under optimal in vitro condi- 
tions, the removal of the AT-rich region leads to 
only a slight decrease of transcriptional activity if 
the — 35 region remains intact. In contrast, if the 
polymerase / DNA ratio is lower, or the concentra- 
tion of monovalent cations is higher in the reac- 


tion mixture, the presence or absence of the АТ- 
rich region has a dramatic effect on transcription. 

Although we performed only in vitro experi- 
ments, thére are good reasons to believe that the 
conditions used mimic more closely those prevail- 
ing'in the cell, where the salt concentration is 
around 0.15 M and the ratio of polymerase to 
DNA is around 1/2 (total mass). Thus it seems 
likely that, while under optimal in vitro conditions 
the contribution of the AT-rich region to promoter 
strength is only slight, its role is very important in 
vivo. This conclusion is in accordance with the 
observations of Gourse et al. (Nomura, M., per- 
sonal communication), who reported that the re- 
moval of the AT-rich region in front of the P, 
promoter strorigly reduces the in vivo expression 
of B-galactosidase if this gene is fused to the P, 
promoter. ' 
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The site-specific induction of DNA damage by 1-amino-1-deoxy-D-fructose (D-isoglucosamine) was investi- 
gated. When > P-end-labeled DNA restriction fragments of known sequence were reacted with D-isogluco- 
samine in the presence of Cu’*, and the DNA products were analyzed on high-resolution denaturing 
polyacrylamide gels after treatment with aqueous piperidine (1 M) at 90°С for 30 min, the DNA strands were 
cleaved at pyrimidine residues at a statistically significant frequency, and 80.5% of the extensively damaged 
sites were induced at pyrimidine residues in dinucleotide sequences of pyrimidine-purine (5' — 3). These 
cleavages were scarcely observed without piperidine / heat treatment. The damaged DNA sites increased т 
proportion to the reaction time and concentration of D-isoglucosamine. Metal-chelating agents (EDTA, 
diethylenetriaminepentaacetic acid) and some oxygen radical scavengers inhibited the induction of alkali-la- 
bile lesions. These results indicate that some oxygen radicals are involved in the induction of alkali-labile 


lesions. 


Introduction 


We have investigated the interaction between 
aminosugars and nucleic acids, and have reported 
that aminosugars cleaved double-stranded repli- 
cative form І DNA (RFI DNA; supercoiled. cova- 
lently closed, circular duplex DNA) of bacterio- 
phage $X174 more effectively than their corre- 
sponding hexose 6-phosphates because the reactiv- 
ity of aminosugars with DNA was based on 
amino-reductone structures having higher reduci- 
bility [1.2]. Induction of DNA strand breakage by 
aminosugars was caused by oxygen radicals gener- 
ated during the autoxidation of aminosugars [3]. It 
is well known that reducing sugars react nonen- 





* To whom correspondence should be addressed. 
Abbreviation: DETAPAC, diethylenetriaminepentaacetic acid. 


zymatically with amines to produce browning sub- 
stances, Recently, it was reported that a similar 
reaction occurs between sugars and the amino 
groups of nucleic acids, and this reaction in 
organisms might contribute to biological aging [4]. 
A plausible theory of aging holds that a major 
source of this damage is oxygen radicals and lipid 
peroxidation [5]. Oxygen radicals may induce mu- 
tation [5] and cancer [6]. Thus, we are interested to 
determine whether aminocarbonyl reaction prod- 
ucts interact with ОМА. Aminosugars are distrib- 
uted widely in organisms as metabolic inter- 
mediates, and as constituents of cell membrane 
and cartilage, but there is little information on the 
biological activity of aminosugars on genetic 
materials. Damage to nucleic acid such as DNA 
strand breakage leads to genetic lesions, Therefore, 
à study on the interaction between aminosugars 
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and nucleic acids may suggest something about 
DNA-damageable nonenzymatic browning in 
organisms as a cause of aging. 

We have reported that l-amino-1-deoxy-D- 
fructose (D-isoglucosamine), а typical amino-re- 
ductone and a model substance produced by an 
aminocarbonyl reaction through Amadori re- 
arrangement, showed the highest DNA-breaking 
activity among the sugars so far tested [2.3]. This 
paper reports that D-isoglucosamine induced the 
site-specific damage in DNA and that the most 
extensively damaged site was at the pyrimidine 
residues in dinucleotide sequences of pyrimidine- 
purine (5' = 3’). 


Materials and Methods 


Chemicals 

p-Isoglucosamine hydrochloride was synthe- 
sized by the previously described procedure [7]. 
Diethylenetriaminepentaacetic acid (DETAPAC) 
was purchased from the Sigma Chemical Co. Other 
chemicals were obtained from Nakarai Chemicals, 
Ltd, and were used without further purification. 


Enzymes 

The restriction enzymes EcoRI, Haelll, Tagl 
and Hinfl, and T4 polynucleotide kinase and the 
Klenow fragment of DNA polymerase | of 
Escherichia coli were obtained from Takara Shuzo 
Co. Ltd. Calf intestine alkaline phosphatase was 
obtained from Boehringer Mannheim GmbH. [a- 
* P]dCTP, [a- > PJdATP and [y- “Р|АТР (specific 
activity about 3000 Ci/mmol) were purchased 
from New England Nuclear, Du Pont, and 
Amersham International. Superoxide dismutase 
(EC 1.15.1.1; from bovine blood type 1, 2750 
units/mg protein) and catalase (EC 1.11.1.6; from 
bovine liver, 2250 units/mg) were purchased from 
the Sigma Chemical Co. 


Preparation of DNA restriction fragments 

Five DNA restriction fragments of defined se- 
quence were prepared from replicative form DNAs 
of bacteriophages $ X174 and R199/Gd4ori. 

Bacteriophage $ X174 RFI was prepared as pre- 
viously described [8], and digested with Нае Ш. 
The 310, 234 and 194 basepair restriction frag- 
ments designated 7, 7; and Z,. respectively, in 
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the map reported by Sanger et al. [9] were purified 
by electrophoresis on а 4% polyacrylamide gel. 
Fragments Z, and Z, were digested with Tagl, 
and were labeled by extension of 3' termini with 
Klenow polymerase in the presence of [a- 
%2 P]dCTP. Fragment Z, was digested with Нит, 
and labeled at the 3’ termini with Klenow poly- 
merase in the presence of [a- > P]dCTP and un- 
labeled dATP. The resulting 3’-end-labeled 257, 
178 and 141 basepair fragments (C. Cus. 
Caos- Соо and Со“ Сур, respectively, in the map 
reported by Sanger et al. [9]. were purified by 
electrophoresis on a 6% polyacrylamide gel. 

R199/G4ori phage, a chimera of phage R199 
[10] with the 274 basepair Alul fragment of G4 
DNA containing the origin of complementary 
strand synthesis, was constructed by С.М. Godson 
of New York University Medical School, New 
York, R199/G4ori replicative DNA was digested 
with EcoRI [11]. The resulting DNA fragments 
were labeled by extension of the Y termini with 
Klenow polymerase in the presence of [a- 
ЧрМАТР, and the 3’-end-labeled 144 basepair 
double-stranded DNA fragment {Czy Се in 
the map reported by Hill and Peterson [12]) was 
prepared by digestion with Haelll. The 274 
basepair fragment obtained from R199 /Gdori rep- 
licative form DNA by digestion with EcoRI was 
dephosphorylated by incubation with intestine al- 
kaline phosphatase, and the 5' termini were labeled 
with [y- "PJATP and T4 polynucleotide kinase. 
The doubly end-labeled fragment was then di- 
gested with Haelll. The resulting singly 5’-end- 
labeled 98 basepair double-stranded DNA frag- 
ment (Сз -О зод in the map reported by Godson 
et al. [13]) was obtained. Both DNA fragments 
were purified by electrophoresis on a 6% poly- 
acrylamide gel. 


Fragmentation of DNA by D-isoglucosamine 

The standard reaction mixture (100 jl) con- 
tained а 3- ог 5'-end- "P-labeled DNA fragment 
(approx. 50 ng; spec. act. 2. 10* cpm/ng), 1 mM 
D-isoglucosamine and 10 uM CuCl, in 10 mM 
Tris-HCI buffer (pH 7.1), unless otherwise noted. 
The reaction was carried out for 3 h at 37°С, and 
stopped by the addition of 150 yl of a mixture 
that contained 500 mM sodium acetate, 3.3 mM 
EDTA and 16.5 ug/ml tRNA. The DNA products 
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were first precipitated with ethanol. The pellet was 
resuspended in 0.3 M sodium acetate and precipi- 
tated with ethanol, rinsed іп cold ethanol. and 
dried. The p-isoglucosamine-reacted. DNA was 
treated with 1 М piperidine at 90°C for 30 min. 
The piperidine/heat-treated DNA was dissolved 
in 4 pl of loading buffer containing 10 mM NaOH, 
i mM EDTA, 80% (v/v) deionized formamide, 
and 0.1% (w/v) bromophenol blue/xylene cyanol, 
The solution was heated for 1 min at 90°C, and 
was transferred to 6 or 8% polyacrylamide gels for 
sequence analysis. 


Sequence analysis 

Autoradiography was carried out by exposing 
Рай RX film to the dried polyacrylamide gels for 
about 3 days. The nucleotide sequence of restric- 
tion fragments and the sequence of the oligonuc- 
leotides produced by D-isoglucosamine were iden- 
tified by comparison with the chemically degraded 
resiricuon fragments by the method of Maxam 
and Gilbert [14,15]. The autoradiographs were 
scanned with a microdensitometer (Joyce Loebl 
and Со. Ltd. MK И CS double-beam recording 
microdensitometer), and the relative positions and 
amounts of the oligonucleotides produced were 
determined, 

To compare the relative extent of cleavage. the 
following method for normalization was used |16]. 
The relative peak heights on densitometric scans 
were measured and normalized relative to the 
average height of the peaks of products of the 
deoxyguanylate specific reaction. The normalized 
relative peak heights, а measure of the relative 
extent of cleavage at each specific site, were then 
divided into 10 rankings on a numerical scale. The 
peak height of the site with the greatest degree of 
cleavage was taken as 10 and the peak height of 
the site with the lowest degree of cleavage was 
taken as 1. On this basis, the sites with rankings 
from 10 to 8 were regarded as extensively cleaved, 
from 7 to 4 as moderately cleaved, and from 3 to 1 
as weakly cleaved. 


Results 
Induction of alkali-labile lesions in DNA 


Sites and. properties of the DNA damage in- 
duced by p-isoglucosamine were investigated using 


а sequencing technique (Fig. 1). When the 178 
basepair 3'-end-labeled $9 X174 7.,-Тад1 long frag- 
ment was reacted with 1 mM p-isoglucosamine in 
the presence of 10 uM CuCl,, and the DNA 
product was heat-treated in aqueous piperidine, 
strong oligonucleotide bands were observed at 
specific sites (lane 3). No strong site-specific bands 
but faint random bands were observed without 
piperidine/heat treatment (lane 8). No oligonuc- 
leotides were produced by CuCl, (lane 4) or p-iso- 
glucosamine (lane 6) alone, but faint bands of 
oligonucleotides were observed (lanes 5 and 7). 
When the DNA bands appearing after treatment 
with D-isoglucosamine (lane 3) were compared with 
those resulting from the standard chemical proce- 
dure (lanes 1 and 2), alkali-labile lesions were seen 
to be induced at pyrimidine residues. The band 
position on the gel shows the site of alkali-labile 
lesions, and the band intensity shows the relative 
frequency of cleavage at each specific site. 

The band intensity of oligonucleotides in- 
creased іп proportion to the reaction time and 
concentration of p-isoglucosamine (data not 
shown). Slight amounts of sequence-specific 
alkali-labile lesions were produced by reaction with 
1 mM p-isoglucosamine for 30 min and subse- 
quent piperidine/heat treatment. However, when 
the reaction was continued for 3 h, small amounts 
of sequence-specific alkali-labile lesions were ob- 
served even with 100 ИМ p-isoglucosamine. These 
results indicate that p-isoglucosamine in the pres- 
ence of Cu’ * induces alkali-labile lesions at specific 
sites in DNA, 


Effects of oxygen radical scavengers and metal 
chelating agents 

Oxygen radicals and metal ions affected the 
induction of DNA strand scission by aminosugars 
[3]. We examined the involvement of oxygen radi- 
cals and metal ions in the induction of alkali-labile 
lesions Бу p-isoglucosamine, and the results are 
shown in Fig. 2. Metal-chelating agents, EDTA 
(lane 3) and DETAPAC (lane 4), inhibited the 
induction of alkali-labile lesions almost com- 
pletely. Induction of alkali-labile lesions was also 
inhibited by a singlet oxygen scavenger. 1,4-di- 
azabicyclo[2.2.2]octane (DABCO) (lane 4) and 
weakly by a superoxide anion scavenger, 1.2-dihy- 
droxybenzene-3,5-disulfonic acid (tiron) (lane 9). 
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А: (551) (591) 
60 80 100 120 
32 5'- ---CGTTGAGGCTTGCGTTTATGGTACGCTGGACTTTGTGGGATACCCTCGCTTTCCTGCTCCTGTTGAGTTTATTGCTGCCG-—— -3' 
(72р) 3'- АТО О ОСАО СВ ОСА ООО ОВАЛ GAGE ACRE AME ИО ИСО -5! 
ваза Г а à à À қ 
B: (742) (782) 
20 40 60 B0 
32 $'- ---CTGAATTGTTCGCGTTTACCTTGCGTGTACGCGCAGGAAACACTGACGTTCTTACTGACGCAGAAGAAAACGTGCGTCAA--- -3' 
(72р) 3'- ---GACTTAACAAGCGCAAATGGAACGCACATGCGCGTCCTTTGTGACTGCAAGAATGACTGCGTCTTCTTTTGCACGCAGTT--- -5' 
+ + 1144) | алара и к мар каз à 4 m 
C: (5737) (5777) 
10 30 , 50 70 
32 Sim ---CCTGATAGACGGTTTTTOGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACA--— -3' 
(CP) 3'- ---GGACTATCTGCCAAAAAGCGGGAAACTGCAACCTCAGGTGCAAGAAATTATCACCTGAGAACAAGGTTTGACCTTGTTGT--- -5! 
ніні th Gk ф аа ара { A по aad 
? е ДЕ | hh al 
yi db 4 $ etre тт mvrrér { F Игі brrr te dr ту vd $$ 32 
5'- счет аласта кет АЦА ОМА МА ЛАМАЈАЗА А ТАЈА О НЕ ~3! P) 
3!- ---CATACGGCCTACTGGAAAGGGTAGAACCGAAGGAACGACCAGTCTAACCAGCAGAATAATGGTAAAGTTGATGAGGCCAA--- -5' 
50 70 90 110 
(1029) (1069) Ü 
E: in | 
32 Ve ort tri 4 т} 
(^P) 5'- ---CACACTGGAATATGCAAACTAAATTTAACATTAACGTTTA--- -3' 
3'- ---GTGTGACCTTATACGTTTGATTTAAATTGTAATTGCAAAT--- -5' 
5 25 
(3801) 


> 


Fig. 3. Specific sites of alkalı-labıle lesions. Arrows locate sites determined from sequencing analysis according to the procedure 
described іп Materials and Methods The length of the arrows indicates the relative extents of cleavage (extensive, moderate or weak) 
at a particular site as measured from densitometric scans of the autoradiographs А, 178 basepair 3’-end-labeled $ X174 Z;-Tagl long 
fragment; B, 257 basepair 3’-end-labeled Ф X174 Z.-Taql long fragment, C, 144 basepair 3’-end-labeled R199/G4on fragment, D, 
141 basepair 3'-end-labeled $ X174 Zg-HinflI long fragment; E, 98 basepair 5'-end-labeled G4 Z 4,-A/uI short fragment. 


Some hydroxyl radical scavengers, potassium 
iodide (lane 5) and 2-mercaptoethylamine-HCl 
(cysteamine) (lane 10), inhibited the induction of 
alkali-labile lesions, but other hydroxyl radical 
scavengers, such as sodium benzoate (lane 7) and 
2-aminoethylisothiouroniumbromide-HBr (AET) 
(lane 8), did not. Catalase, which removes hydro- 
gen peroxide, inhibited the induction of alkali-la- 
bile lesions almost completely, but superoxide dis- 
mutase, which removes superoxide anion, did not 
(data not shown). The inhibitory effects of salts 
seemed negligible when the inhibitors were used 
below 50 mM, because 50 mM sodium chloride 
did not inhibit the production of oligonucleotides 
[17]. 

The above results suggest that metal ions and 
oxygen radicals participate in the induction of 
alkah-labile lesions in DNA modified by reaction 
with D-isoglucosamine. 


r 


Sequence-specificity of damaged sites 

To determine the sequence specificity of 
damaged sites in DNA, we used three more 
end-labeled DNA restriction fragments of defined 
sequences as substrates. The sites of alkali-labile 
DNA damage induced by the reaction with D-iso- 
glucosamıne are summarized in Fig. 3. 100% of the 
extensıve degree of damage was induced at 
pyrimidine residues, and 98.3% of the moderate 
and 86.4% of the weak degree of damage were, also 
induced at pyrimidine nucleotides in DNA frag- 
ments, as shown in Fig. 3 and Table I. Among 
pyrimidine residues, no distinction is made be- 
tween thymine and cytosine. Purine residues are 
rather resistant to damage by D-1soglucosamine 
and Cu?*, 

Table II shows the analysis of the neighboring 
nucleotides of extensively damaged sites. The anal- 
ysis demonstrates that purine nucleotides exist at 
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TABLE I 
DAMAGE PATTERNS PRODUCED BY p-ISOGLUCOSAMINE 


Nucleotides analyzed in each restriction fragments were taken from Fig. 3 The relative probability of damaged nucleotides is 
presented in parentheses. 





Base Number in fragments Number of damaged nucleotides 
extensive moderate weak 

A 131 0 (0) 0 (0 4 (3.9) 
а 96 0 (0) 1 (17) 10 (9.7) 
C 108 23 (56.1) 23 (39.0) 53 (515) 
T 105 18 (43.9) 35 (59.3) 36 (349) 
Pur 227 0 (0) 1 (17) 14 (136) 
Руг 213 41 (100) 58 (98.3) 89 (86.4) 
Total 440 41 (100) 59 (100) 103 (100) 
TABLE П 


browning substances [18] This nonenzymatic 
browning in organisms would contribute to bio- 
logical aging [19]. A similar reaction occurs be- 
tween sugars and the amino groups of nucleic 
acids, and this reaction might be a cause of aging 


ANALYSIS OF NUCLEOTIDES NEIGHBORING EXTEN- 
SIVELY DAMAGED SITES 


41 damaged sites taken from Fig. 3 were analyzed. 








Damaged site Frequency Relative . Е 
1 [4]. A plausible theory of aging holds that a major 
PU probability (3) source of this damage is oxygen radicals and lipid 
Pyr— Pyr— Pur 17 415 регохійев [5]. Thus, we are interested іп whether 
Pur—Pyr— Pur 16 39.0 aminosugars interact with DNA to produce genetic 
Руг—Руг—Руг 5 12.2 lesions in vivo. Actually, various kinds of 
Püre-Pyr--Pyr 3 73 bacteriophage аге inactivated effectively by DNA 
Pyr—Pur— Pur 0 0 strand scission [20]. Our results show that D-iso- 
Pur— Pur—Pur 0 0 glucosamine specifically produces alkali-labile le- 
Pyr— Pur—Pyr 0 0 sions in the presence of CuCl,, and 80.5% of the 
Де са 0 0 extensive degree of damage is induced at pyrimi- 
Total 41 100 dine residues in the dinucleotide sequence 





pyrimidine-purine (5' = 3’). No site-specific exten- 
sive bands were observed on autoradiographs 
without piperidine-heat treatment. D-Isógluco- 


the 3’ site of 80.5% (33 out of 41) extensively 
damaged sites. The nucleotide at the 5' side of the 
damaged site did not affect the probability. We 
could not find a preferred sequence surrounding 
the extensively damaged sites other than the pres- 
ence of purine nucleotides at their 3' sites (data 
not shown). 


Discussion 
Damage to nucleic acid such as DNA strand 


scission introduces genetic lesions. Reducing sugars 
react nonenzymatically with amines to produce 


samine directly breaks RFI DNA in the presence 
of Cu?* [2,3]. There may be two classes of DNA 
damage, one being damage to DNA bases which 
can be cleaved by the piperidine/heat treatment 
and the other to the DNA backbone, which may 
correspond to direct breakage. 

Induction of alkali-labile lesions by D-isogluco- 
samine was inhibited by addition of some oxygen 
radical scavengers or metal-chelating agents. In the 
absence of CuCl,, alkali-labile lesions were not 
induced. The active radical species involved in the 
extent mechanism of the DNA-lesion activity are 
still unknown. However, structurally diverse an- 
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tibiotics such as mytomycin C [21] and bleomycin 
[22], following reduction and reoxidation in vivo, 
give rise to reactive oxygen radicals including HO, 
(ог О.) and ОН [23], and O, and H,O, can 
interact with DNA to produce the reactive radical 
species, the hydroxyl radical (OH ) via the Haber- 
Weiss reaction [24]. It has been reported [17] that 
pyrimidine-purine (5' — 3’) sequences are highly 
sensitive to oxidative damage [17]. These results 
and evidence indicate that DNA modification by 
D-isoglucosamine seems to be concerned with 
oxygen radicals generated during autoxidation of 
p-isoglucosamine by the catalysis of Cu? *. 

Thornalley et al. [25] reported that simple 
monosaccharides are autoxidized under physio- 
logical conditions, generating 1-hydroxyalkyl free 
radicals and reduced forms of oxygen: superoxide, 
hydrogen peroxide and hydroxyl radicals. Reac- 
tion of hydrogen peroxide with DNA is known to 
induce destruction of bases to break the DNA 
strand [26], and DNA strand scission occurs with 
enzymically generated oxygen radicals [27]. How- 
ever, it is not certain whether induction of alkali- 
labile lesions by D-isoglucosamine is caused indi- 
rectly only by oxygen radicals, and we cannot 
specify the main radical species responsible for the 
DNA breakage. If the p-isoglucosamine-copper 
complex binds to DNA directly to form a DNA- 
D-isoglucosamine-copper complex, where oxygen 
radicals are generated, this would cause DNA 
lesions. 

We infer that not only does Си?" act on D-iso- 


· glucosamine as a catalyst of autoxydation, but it is 


also active on DNA, because Cu?* induces alkali- 
labile lesions by itself at high concentrations (more 
than 100 uM) (data not shown). Cu?* has also 
been reported to induce sensitization to the bio- 
logical damage due to superoxide radicals. The 
presence of Си?* and hydrogen peroxide and the 
binding of the metal ion to the target biomolecules 
are required for the manifestation of the de- 
leterious role of the superoxide radical [28]. Lesko 
et al. [29] reported that DNA strand scission by 
superoxide was catalyzed by adventitious metal 
ions. Thus, one of the causes of the induction of 
alkali-labile lesions in the presence of Cu?* seems 
to result from the attack of reducing radical species 
on Cu?* bound to DNA. 
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The competitive miscoding of O°-methylguanine and О -ethylguanine and the 
possible importance of cellular deoxynucleoside 5'-triphosphate pool sizes in 
mutagenesis and carcinogenesis 
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Using initiated poly(dG,O$-RdG) and poly(dA,OS-RdG) polynucleotides as templates for DNA polymerase I 
in vitro the promutagenic potential of OÉ-MeG and OS-EtG has been confirmed, together with the possibility 
of minor miscoding pathways for O°-RG. These lead to the incorporation of dAMP and dGMP, which could 
give rise to some of the limited number of transversions that have been observed arising from the action of 
alkylating agents. The results are compatible with the current knowledge of oncogenes, explaining the 
changes in base sequence that have been observed. The competition for the miscoding of O°-RG which leads 
to the incorporation of dCMP in addition to the expected dTMP is also shown. The relative amounts of these 
two nucleotides incorporated depend upon the concentrations of the dCTP and dTTP in the assay. The 
mutagenic efficiency of Об-МеС is constant at approx. 0.4 over a wide range of dTTP and dCTP 
concentrations and only increases when the dCTP in the assay ceases to saturate the polymerizing enzyme, 
indicating that the ОМА polymerase I plays a role in determining the mutagenic efficiency of a modified 
base. Although the mutagenic efficiency of both OS-MeG and O*-EtG depends upon the relative concentra- 
tions of dTTP and dCTP in the assay, a reduction in the concentration of dCTP can be more effective at 
increasing the mutagenic efficiency than a corresponding increase in the concentration of dTTP. These 
results indicate the importance of cellular dNTP pools in determining the cellular response to agents. 


Introduction polynucleotides as templates for Escherichia coli 
DNA polymerase I. The nitrosomethylurea-meth- 
ylated template led to significant errors (i.e. the 
incorporation of dTMP) which were attributed to 
the formation of the promutagenic [2] base 0% 
methylguanine (O$-MeG) in the polynucleotides. 
Similar observations have been made following 
modification of the polynucleotide with ethylating, 


Previously we have investigated [1] the modifi- 
cation of the DNA-like alternating co-polymer 
poly(dC-dG) by the methylating agents N-nitroso- 
N-methylurea and dimethyl sulphate, together with 
the effect of such reactions on the properties of the 


Abbreviations: dNMP, deoxynucleoside 5'-monophosphate; 
dNTP, deoxynucleoside 5’-triphosphate, oligo(dN);5 js, 
olgomer of dNMP 12-18 bases long, Об-КО, O°-al- 
kylguanine, OS-RdG, Of-alkyldeoxyguanine; O*-rT, O*-al- 
kylthymine; poly(dG,O5-MeRG), polydeoxyguanylic acid con- 
taning O°-Methylguanylic acid residues randomly distributed; 
К, alkyl group, Ме = methyl, Et = ethyl. 


propylating and butylating agents (Hall J.A. 
(1981) Ph.D. Thesis, University of Manchester). 
However, the level of errors produced with the 
DNA polymerase I was always less than the O*- 
MeG content of the polynucleotide used as tem- 
plate, in contrast to O^-methylthymine (O^-MeT), 
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where the error level corresponded to the modified 
base content [3,4]. For OS-MeG the error level 
could be changed by modifying the relative con- 
centrations of dTTP and dCTP in the assay [1]. It 
was concluded that this arose from a competitive 
miscoding by O$-MeG during polynucleotide 
synthesis leading to the incorporation of both 
dTMP and dCMP into newly synthesized DNA. 
These results lead to the proposal that modifica- 
tion of cellular dNTP pools could modulate the 
mutagenic, and possibly the carcinogenic, effects 
of alkylating agents and explain [5,6] the synergis- 
tic effect of deoxythymidine and deoxycytidine on 
alkylating agent-induced mutagenesis. 

In view of the promutagenic [2] nature of O°- 
MeG and its likely importance in the initiation, 
and probably also in the later stages, of the 
carcinogenic process induced by alkylating agents 
[7], together with the role of cellular dNTPs in 
determining the mutagenic and toxic response of a 
cell to external agents [7,8], we have further in- 
vestigated the coding properties of O(-MeG and 
OS-EtG during in vitro DNA synthesis. Poly- 
nucleotides containing O°-MeG and O-EtG as 
the only modified base present have been synthe- 
sized and used as templates for DNA polymerase 
I, in measuring the incorporation of complemen- 
tary and non-complementary nucleotides into 
newly synthesized DNA-like material. 


Materials and Methods 


Materials 

Unmodified nucleosides and nucleotides were 
obtained from the Sigma Chemical Co. Ltd. or the 
Boehringer Corporation Ltd. Terminal de- 
oxynucleotidyltransferase, oligo(dC),, в and 
oligo(dT),, а were from PL Biochemicals Inc. 
DNAase I, snake venom phosphodiesterase and Е. 
coli alkaline phosphatase were from the Sigma 
Chemical Co. Ltd. DNA polymerase I was from 
the Boehringer Corporation Ltd. or the generous 
gift of dr. L.A. Loeb (Seattle). All radioactive 
compounds were from Amersham International 
Ltd. Of-Alkyldeoxyguanosine 5'-triphosphates 
(O°-RdGTPs) were synthesized from their mono- 
phosphates [9] via their phosphoimidazolides as 
previously described [10]. High-performance liquid 
chromatography (HPLC) of the products on Par- 


tisil-10 SAX showed their purity to be above 97%, 
contaminants being the corresponding di- and 
monophosphates. 


Synthesis of polynucleotides 

Modified polynucleotides containing O°-RG (R 
= Me or Et): were synthesized from the ap- 
propriate mixture of modified and unmodified 
dNTPs using terminal deoxynucleotidyltransferase 
as previously described [4,11] for similar poly- 
nucleotides. The O°-RdG content of the polymers 
was determined following enzymic hydrolysis using 
radioimmunoassays [12] specific for OS-RdG. 
Poly(dG,OS-MedG) containing 0.91% and 1.38% 
OS-MedG, poly(dG,OS-EtdG) containing 0.75% 
OS-EtdG, poly(dA,OS-MedG) containing 0.88% 
OS-MedG апа poly(dA,OS-EtdG) containing 
0.59% OS-EtdG were synthesized. Poly(dG,dA) 
containing 1.88% dA and poly(dA,dG) containing 
2.01% dG were also synthesized. 


DNA polymerase assays 

Initiated templates for DNA polymerase I were 
formed by annealing the polynucleotide with 
oligo(dC);; 1 (for poly(dG,OS-RdG) templates) 
or oligo(dT);;.,4 (for poly(dA,OS-RdG) 
templates). The polynucleotide and oligomer were 
mixed to give a base ratio of 10:1 and heated to 
70°С for 5 min and then allowed to cool slowly to 
4°C over a period of 1-2 h. The basic DNA 
polymerase assay (250 gl) contained the ap- 
propriate dNTPs at concentrations stated, 2 nmol 
nucleotide as poly(dN,OS-RdG): oligo(dN^),, 1» 
0.3 units DNA polymerase I and was 70 mM in 
Tris-HCl (pH 7.4) and 3 mM in MgCl,. Comple- 
mentary nucleotide (dCMP ог dTMP with 
poly(dG,OS-RdG) or poly(dA,O9-RdG), respec- 
tively) incorporation was determined using 
ІЗН|АСТР or [^ H]dTTP (0.025 and 0.1 Ci/mmol, 
depending on the concentration used in the assay) 
and non-complementary nucleotide (dTMP and 
dAMP with poly(dG,O6-RdG) or dCMP and 
dGMP with poly(dA,OS-RdG), respectively) incor- 
poration was determined in concurrent assays using 
the [?H]dNTP (10 or 2 Ci/mmol, depending on 
the concentration used in the assay). After in- 
cubating at 37?C for'30 min the assays were 
plunged into ice, carrier DNA (100 ug) was added 
and precipitated by the addition of 5 ml 5% їп- 


chloroacetic acid containing 1% Na4P,O, · 10,0. 
The product was collected on glass-fibre GF/C 
filters, washed with trichloroacetic acid, methyl- 
ated spirit and dried at 80°С. Radioactivity incor- 
porated into DNA-like material was determined 
by scintillation counting. 


Mutagenic efficiency 

Mutagenic efficiency is defined as the number 
of non-complementary errors produced per mod- 
ification (i.e. ОКО in these studies) present in 
the template and it is calculated using the formula: 


Е, -Ео 





Mutagenic efficiency = 


where E, is the error rate for incorporation of 
nucleotide n with template containing modified 
base, Е is the error rate for template without 
modified bases and M is the fraction of bases in 
the template that are modified. 


Results 


The results obtained with the poly(dG,OS$-RdG) 
templates are shown in Table I. These templates 
produced a large incorporation of dTMP and when 
the ratio of dCTP/dTTP in the assay was reduced 
the dTMP incorporated increased, confirming the 
promutagenic nature of O°-MeG and OS-EtG 
along with the earlier indication of a competition 


TABLEI 
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between the incorporation of dTMP and dCMP. 
Since we cannot directly measure the incorpora- 
tion of dCMP arising from the presence of OÉ-RG 
using these templates we have synthesized the 
poly(dA,O$-MedG) polynucleotides for use as 
templates (see Table II). It can be clearly seen that 
the presence of both O*-MeG or OS-EtG leads to 
the incorporation of a large amount of dCMP 
which increases as the ratio of dCTP/dTTP in the 
assay increases. The results also show that the 
presence of O°-MeG and O°-EtG in the templates 
can lead to some incorporation of dAMP and 
dGMP at levels very much less than for the incor- 
poration of dTMP and dCMP. The mutagenic 
efficiencies that may be calculated from Tables I 
and II are summarized in Table III. That for the 
incorporation of dTMP varies from 0.37 to 0.87, 
whilst that for the incorporation of dCMP varies 
from 0.5 to 0.07 as the ratio of dTTP/dCTP in the 
assay increases. 

The way that the mutagenic efficiency of O6- 
MeG changes with a varying dCTP/dTTP ratio 
but fixed dT TP or dCTP concentrations is shown 
in Figs. 1 and 2. If the dTTP concentration in the 
assay ıs fixed at 8 or 40 uM the mutagenic ef- 
ficiency of OS-MeG does not change significantly 
from a value of approx. 0.4 over a wide range of 
dCTP concentrations (approx. 20-80 uM). At 
dCTP concentrations below approx. 20 uM the 
mutagenic efficiency increases, particularly with 
the dTTP concentration fixed at the higher value 


WRONG NUCLEOTIDE INCORPORATION WITH POLY(dG,O*-RdG) TEMPLATES 








O*-RdG Errors ((NMP/dCMP) (x 105) 
dG dAMP dTMP 
(8) (20/2) * (2/20) * (20/2) У (10/10) ^ (2/20) ^ 
Poly(dG) 12+17* 29+3.2“ 10-13% 17%23% 27421° 
Poly(dG,OS-RdG) 
IR = Ме 091 30 56 348 407 764 
IL R = Me 138 33 83 468 501 1087 
II R — Et 0.75 20 52 334 679 
Poly(dG,dA) 1884 15 30 1767 1853 





* Ratio (nmol dCTP)/(nmol dATP) in the assay 20 and 2 nmol per assay correspond to 80 and 8 иМ, respectively. 


^ Ratio (nmol dCTP)/(nmol dTTP) in the assay. 
* Averaged over at least three determinations. 
8 dA/dG. 
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TABLE П 


WRONG NUCLEOTIDE INCORPORATION WITH POLY(dA,OS-RdG) TEMPLATES 











O*-RdG 
dA dGMP 
(5) (20/2) ° 
Poly(dA) 9+27° 
Poly(dA,OS-RdG) 
IR-Me 0.88 61 
ПЕ-Е 0.59 39 
Poly(dA,dG) 2.019 13 


Errors (ANMP/dCMP) ( x 105) 


dCMP 
(2/20) * (20/2) ® (2/20) ° 
19+2.2° 8+20° 21+3.9° 
91 114 461 
73 49 287 

2038 








8 Ratio (amol dTTP)/(nmol dgTP) in the assay. 20 and 2 nmol per assay correspond to 80 and 8 pM, respectively 


> Ratio (nmol dTTP)/(nmol dCTP) in the assay 
* Averaged over at least three determinations 
d dG/dA. 


TABLE III 
MUTAGENIC EFFICIENCIES OF OS-MeG AND O° EtG 





Mutagenic efficiency ° for the incorporation of: 











dAMP ° dTMP > dGMP * dCMP *4 

(20/2) (2/20) (2072) (10/10) (2/20) (20/2) (2/20) 00/2) (2/20) 
О%-МеС 0.02 0.03 0.35 0.4 08 0.06 008 01 0.5 
Оба 0.01 0.03 0.45 0.85 0.05 0.09 0.07 0.45 
А“ < 0.005 0.95 0.95 
а: < 0.005 1.0 





* Errors produced per modification present, calculated to the nearest 0.05 if > 0.1. 


> Measured using a poly(dG,OS-RdG) template. 
с Measured using a poly(dA,O®-RdG) template. 


4 Not strictly a mutagenic efficiency but included to demonstrate the competition between incorporation of dTMP and dCMP. 


* Measured using a poly(dG,dA) template. 
f Measured using a poly(dA,dG) template. 
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(40 uM). Increasing the dCTP concentration to 
more than 80 y M produced no decrease in muta- 
genic efficiency with 40 uM dTTP, whilst with 8 
ИМ dTTP the mutagenic efficiency fell to 0.25 at 
200 uM dCTP (see Fig. 1). If the dCTP concentra- 
tion in the assay was fixed at 40 ИМ the mutagenic 
efficiency did not change from approx. 0.4 within 
the range 4-80 uM dTTP. With 8 uM dCTP the 





Fig. 1. The mutagenic efficiency of OS-methylguanine at fixed 
dTTP concentrations. The dTTP concentration in the assay was 
fixed at 8 pM (0) or 40 „М (О) and the dCTP concentration 
was varied within/the range 4-200 pM. The poly(dG,OS-MeG) 
template contained 0.91% OS-MeG. 
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Fig. 2. The mutagenic efficiency of OS-methylguanine at fixed 
dCTP concentrations. The dCTP concentration in the assay 
was fixed at 8 uM (8) or 40 M (О) and the dTTP concentra- 
tion was varied within the range 4-80 АМ. The poly(dG,O5- 
MeG) template contained 0.91% OS-MeG. 


mutagenic efficiency fell from approx. 0.7 at 16 
ЕМ dTTP to approx. 0.5 at 4 ИМ dTTP and at 
concentrations of dTTP above 50 uM the muta- 
genic efficiency showed a small increase, with a 
mutagenic efficiency of approx. 0.8 at 80 uM (see 
Fig. 2). Fig. 3 shows the effect of reducing the 
concentration of dCTP in a simple assay with 
poly(dG) as template. The amount of dCMP in- 


100 


500 


pmoles dCMP Incorporated 


% 20. 40 60 80 


(dCTP] pM 





Fig. 3. Effect of varying dCTP concentration on the incorpora- 
tion of dCMP. The template was poly(dG) The level of dCMP 
incorporation was taken as a measure of the degree of satura- 
tion of the DNA polymerase I with the incoming nucleotide. 
The only nucleotide in the assay was АСТР 
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corporated is taken as a measure of the degree of 
saturation of the DNA polymerase I with the 
dCTP present in the assay. The incorporation of 
dCMP only falls off at dCTP concentrations less 
than approx. 30 uM. 


Discussion 


The results confirm the promutagenic potential 
of OS-MeG and O°-EtG during DNA synthesis as 
well as the competitive nature of their miscoding 
which leads to the incorporation of both dTMP 
and dCMP. Earlier studies [13] with similar poly- 
ribonucleotides containing O°-MeG as templates 
for bacterial RNA polymerase have also shown the 
promutagenic nature of this modified base during 
RNA synthesis, but there was no indication of 
competition between the incorporation of UMP 
and the normal incorporation of CMP. The pre- 
sent results also show minor miscoding pathways 
for ОКО which lead to the incorporation of 
dAMP and dGMP but with much reduced muta- 
genic efficiencies ( < 0.05 and < 0.1, respectively) 
compared to that for the incorporation of dTMP 
(7 0.35). It is not merely the ratio of dTTP/dCTP 
in the assay that determines the mutagenic ef- 
ficiency of O°-MeG, since it can be seen from 
Figs. 1 and 2 that a decrease in the concentration 
of dCTP 15 more effective at increasing the muta- 
genic efficiency than is a corresponding increase in 
the concentration of dTTP. From Figs. 1 and 3 it 
can be seen that the mutagenic efficiency of O$- 
MeG is constant at a value of approx. 0.4 over a 
large range of dCTP and dTTP concentrations, so 
long as the DNA polymerase I is saturated with 
dCTP, and only increases (Fig. 1) when the dCTP 
in the assay ceases to saturate the enzyme, as 
indicated by a decrease in total incorporation in 
Fig. 3. This indicates that the affinity of the tem- 
plate/polymerase complex for the incoming 
nucleotide plays a role in determining the muta- 
genic efficiency of a modified base. Molecular 
models have indicated that O°-MeG-T and Oʻ- 
MeG-C basepairs may be constructed [1,7] within 
the confines of the DNA helix. Although in DNA 
such modified basepairs may not be hydrogen- 
bonded (Li, B. and Swann, P.F., personal com- 
munication; also see Ref. 7), the various studies 
[1,3,4,7,11] indicate that an alkylated base will 
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only miscode during DNA synthesis when the 
appropriate basepair is acceptable to the poly- 
merase. This is likely to be achieved by the poly- 
merase reading and amplifying the tautomeric form 
and hydrogen-bonding potential of the base within 
the template, leading to allosteric changes affect- 
ing the affinity of the polymerase for the incoming 
nucleotide. The proof-reading 3’ — 5” exonuclease 
activity of DNA polymerase I may also play a role 
in the selectivity, but using mammalian DNA 
polymerase о (Saffhill, R., unpublished result), 
which has no associated exonuclease activities, we 
have observed similar competition between the 
incorporation of dTMP and dCMP with OÉ-MeG 
or OS-EtG in the template. The way that the 
mutagenic efficiency of O°-MeG changes with the 
dTTP/dCTP ratio has been summarized [7] from 
these results but it is not feasible to cover all 
combinations of concentrations for all of the four 
dNTPs in experiments of this type. 

The promutagenicity of O$-MeG has been fur- 
ther demonstrated in vivo by constructing ge- 
потез of the bacteriophage M13 mp8 with a single 
OS-MeG in place of G at specific locations [14] 
and, on introduction into E. colt, mutated phages 
were observed. The mutation.frequency observed 
(0.4450 was lower than might have been expected 
due to the repair system in Е. coli demethylating 
the very small amount of OS-MeG introduced in 
the phage DNA. However, by pretreating the host 
with an alkylating agent the mutated phage prog- 
eny were increased to 18%. In this system the 
mutations arose exclusively by GC AT transi- 
tions. None of the small number of transversions 
that might be expected from the minor miscoding 
pathways of OS-MeG reported here (see Tables I 
and П) were observed. 

It has already been noted [5] that this compe- 
tition in the miscoding of O°-RG can, at least in 
part, explain the synergistic effects of added 
nucleosides on the mutagenic effects of alkylating 
agents. Thus low, non-toxic concentrations of de- 
oxythymidine are able to enhance both the toxicity 
and the mutagenicity of N-nitroso-N-alkyl-N’- 
nitroguanidine [6] and nitrosomethylurea [15], an 
effect that may be reversed by the addition of 
deoxycytidine. The mutagenicity of the alkylating 
agent ethyl methanesulphonate towards Chinese 
hamster ovary (CHO) ту“ mutator cells, which 


may be mutated by lower concentrations of the 
alkylating agent than the wild type, could be mod- 
ified by varying the ratio of the sizes of the cellular 
dCTP and dTTP pools [8] by the addition of 
nucleosides to the cell cultures. In general, the 
greater the relative concentration of dTTP the 
more easily were the cells mutated. Also, in the 
wild-type cells the dCTP/dTTP pool ratio was 
greater than in the thy” mutants. The role of 
changes in cellular dNTP pools in determining the 
mutation frequency is, however, more complex 
than implied (see above for the changes in muta- 
genic efficiency), since decreasing the dCTP/dTTP 
ratio in the pools of the CHO ту“ cells did not 
necessarily increase the maximum mutation 
frequency produced by increasing doses of ethyl 
methanesulphonate, but this maximum was re- 
ached with a lower concentration of alkylating 
agent іп those cells with a low dCTP/dTTP pool 
ratio. The toxic effects of the ethyl methane- 
sulphonate in these cells were also related to the 
dCTP/dTTP pool ratio: the greater the dCTP 
pool relative to that of dTTP the more resistant 
the cells were to the ethyl methanesulphonate. 
Further evidence of the effect of dNTP pool sizes 
on a cell's response to external agents has been 
demonstrated using pairs of e^ radiation-sensitive 
and -resistant cell lines (Booth, Ј.А., Ockey, C.H. 
and Saffhill, R., unpublished results). In such com- 
parisons it is observed that the cell line with the 
higher relative dTTP pool is the least sensitive of 
the pair, irrespective of whether the difference was 
pre-existing or was induced by the radiation. Such 
studies indicate that the sensitivity of a cell de- 
pends upon the relative sizes and balance of its 
dNTP pools. The effectiveness of drug combina- 
tion chemotherapy may be due in part to changes 
in the cellular dNTP pools brought about by one 
or more of the drugs used, such as cytosine 
arabinoside [16-18] and methotrexate [19]. Al- 
though the present results indicate how cellular 
dNTP pools may influence mutagenicity, their pre- 
cise role, including their effect on toxicity, has still 
to be established. 

For a long time it has been presumed that there 
is some relationship between mutagenicity and 
carcinogenicity which has led to extensive studies 
on promutagenic lesions and both their formation 
and repair in the DNA of various tissues [7]. 


Although a relationship between the formation 
and persistence of OÓ-RG in the DNA of a tissue 
and its sensitivity to cancer induction has been 
Observed in some systems, a general correlation 
has not been forthcoming [7], probably due to the 
complex and multistage nature of the carcinogenic 
process. Until recently the connection between 
mutagenesis and carcinogenesis has remained cir- 
cumstantial, but the recent characterization of 
oncogenes in both experimental animal and hu- 
man tumours has provided direct evidence that 
changes in DNA base sequence, involving a single 
base, can lead to a change of phenotype from 
normal to malignant [7]. It is possible to propose 
that these changes in base sequence can arise from 
carcinogen-DNA interactions and the formation 
of specific modified bases with the DNA. Thus, 
the point mutation observed at codon 12 of the 
c-Ha-ras gene in the nitrosomethylurea-induced 
rat mammary tumour [20,21] could result from the 
O5-MeG formed in that codon miscoding with the 
incorporation of dTMP leading to a GC > AT 
transition and the replacement of glycine by 
glutamine in the gene product. All mutants in 
codon 12 that have been examined show this tran- 
sition [21]. Since such a change in sequence would 
have occurred soon after treatment with the 
nitrosomethylurea it presumably remained dor- 
mant whilst other changes occurred to allow the 
eventual expression of its oncogenic potential. The 
base change observed in the same codon of the 
с-һа-ғаз gene in the human EJ (T24) bladder 
carcinoma cell line [22-24] may arise as the result 
of a minor miscoding pathway of O°-RG or as the 
result of nonspecific errors induced by other classes 
of chemical carcinogen, which can induce errors 
during DNA synthesis [7,25—-27]. These can give 
rise to the GC — AT transversion which gives rise 
to the replacement of glutamine by valine. Also, 
the transversion at codon 61 which gives rise to the 
replacement of glutamine by leucine in the Hs242 
c-Ha-ras gene from human lung [28] could have 
arisen from a similar minor miscoding pathway of 
O*-RT [4] or as the result of a bulky adduct 
produced by some other class of carcinogen. 

Тһе results demonstrate the promutagenic 
potential of OS-MeG and O°-EtG and they are 
consistent with current knowledge concerning 
changes in DNA base sequence that have been 
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Observed in certain oncogenes from both human 
and experimental animal sources. They also indi- 
cate the importance of the sizes and balance of the 
cellular dNTP pools and the role that these may 
play in determining the response to external agents. 
Changes in the dNTP pools which effect the toxic- 
ity and in particular the mutagenicity of agents 
may also play a modifying role in carcinogenesis. 
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Carbamoy!-phosphate synthase gene expression is found to be primarily regulated by conditions that enhance 
hepatic glucocorticosteroid levels (hormone injections) and cyclic AMP levels (induction of diabetes). After 
birth, changes in the level of carbamoyl-phosphate synthase protein follow changes in the level of carbamoyl- 
phosphate synthase mRNA, suggesting a pretranslational control mechanism. In fetal rats, carbamoyl-phos- 
phate synthase gene expression is regulated by the same factors as in adults. However, both the level to 
which carbamoyl-phosphate synthase mRNA can accumulate and the extent to which mRNA can be 
translated appear to be limited, indicating control mechanisms at the pretranslational and translational level. 
Finally, in the immediate postnatal period, a transient but pronounced decrease in the rate of degradation of 
carbamoyl-phosphste synthase protein may play a role in the accumulation of the enzyme. 


Introduction 


Carbamoyl-phosphate synthase (EC 6.3.4.16) is 
an abundant hepatocyte-specific protein [1,2]. It 
offers an attractive model system for studying the 
developmental regulation of gene expression, as 
both the timing and the site of expression within 
the liver are under developmental control. Rat 
hepatocytes acquire the capacity to synthesize 
carbamoyl-phosphate synthase as soon as they dif- 
ferentiate from the embryonic foregut [3], but start 
to accumulate the enzyme only shortly before birth 
[4]. After birth, the adult capacity to synthesize 
carbamoyl-phosphate synthase is acquired [5], as is 
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the typical periportal localization [6]. 

The factors that regulate carbamoyl-phosphate 
synthase gene expression at the protein level have 
been extensively studied, showing glucocorticos- 
teroids and cyclic AMP to be the primary regu- 
latory factors [3,4,7,8]. A preliminary exploration 
showed that the same factors affected carbamoyl- 
phosphate synthase mRNA levels [9]. In the pre- 
sent study we have analyzed further the role of 
hormones in regulating the levels of carbamoyl- 
phosphate synthase mRNA. Furthermore, we have 
established a detailed developmental profile of 
carbamoyl-phosphate synthase mRNA and have 
compared it to that of carbamoyl-phosphate syn- 
thase protein [10]. The results suggest that in the 
perinatal period, both pretranslational and transla- 
tional control mechanisms may be operative. 
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Materials and Methods 


Animals. Wistar rats, obtained from the ТМО 
animal farm in Zeist, The Netherlands, were used. 
Fetal age was estimated from the time of concep- 
tion and was accurate to within 12 h; birth nor- 
mally occurred between 21.5 and 22.5 days after 
conception. Neonatal age was calculated from the 
time of birth. Rats were weaned at 4 weeks post 
partum. 

Treatment of animals. For hormonal treatment, 
either 3~4-month-old adult or 19-day fetal rats 
were used. Diabetes was induced in adult rats by 
intraperitoneal injection of streptozotocin (70 
mg/kg body weight) after an overnight fast. 24 h 
later, the animals were checked for glucosuria. 
Bilateral adrenalectomy and gonadectomy were 
performed under ether anesthesia and checked for 
completeness at death. Glucose (5 g/kg body 
weight) was administered to 24-h-starved rats by 
gastric gavage. Hormone-treated adult rats re- 
ceived triamcinolone acetonide (4 mg/kg body 
weight) by intraperitoneal injection. Hormone- 
treated fetuses received a cocktail of dexametha- 
sone (2.5 mg/kg body weight), triiodothyronine 
(3.3 mg/kg body weight), dibutyryl cyclic AMP 
(50 mg/kg body weight) and theophyline (50 
mg/kg body weight) by intraperitoneal injection, 
after laparotomy of the dam. Although tri- 
iodothyronine does not have an effect on 
carbamoyl-phosphate synthase mRNA (see Re- 
sults) or protein [7] in adult animals, it was in- 
cluded in this cocktail as the hormone does have a 
stimulatory effect оп carbamoyl-phosphate syn- 
thase protein before birth [7]. 

Determination of RNA content. The total RNA 
content of liver was determined by the orcinol 
method [11]. RNA was isolated from liver homo- 
genates in guanidinium thiocyanate either by dif- 
ferential precipitation (Ref. 12, as modified in Ref. 
9) or by centrifugation through a CsCl cushion 
[12]. Concentrations were calculated from the ab- 
sorbance at 260 nm. 

The RNA samples were diluted in a high-salt 
buffer (1.8 М NaCl/100 mM NaH;PO/10 mM 
EDTA (pH 7.4)) and aliquots were passed through 
nitrocellulose filters using a commercial manifold. 
After heating at 80?C for 2 h, filters were prehy- 
bridized and hybridized at 42?C, essentially as 


described [13]. The cDNA probes for carbamoyl- 
phosphate synthase mRNA and albumin mRNA 
[9] and phosphoenolpyruvate carboxykinase 
mRNA [14] were labeled by nick translation to 
a specific activity of approx. 10% cpm/pg. In 
more recent experiments a nearly full-length 
carbamoyl-phosphate synthase cDNA clone was 
used (designated pBR-CPS5; insert length, 5.5 kb). 
After washing, autoradiographs of the filters were 
made. For quantitative analysis, spots were cut out 
and radioactivity was determined by liquid scintil- 
lation counting. 

In the graphs and tables, means + S.E. of 3-7 
independent estimates are given. In Fig. 1, the 
standard error of the ratio of carbamoyl-phos- 
phate synthase mRNA and carbamoyl-phosphate 
synthase protein was calculated with the delta 
method. 


Results 


Table I describes the effects of long-lasting 
changes in the levels of glucocorticosteroids and 
cyclic AMP on the level of carbamoyl-phosphate 
synthase mRNA. Durable changes in hepatic cyclic 
AMP concentration were induced by diabetes, 
starvation, and starvation followed by glucose 
refeeding [15,16]. As a control, albumin mRNA 
levels were estimated as well. It is clear that ad- 
ministration of glucocorticosteroids (triamcino- 
lone) enhances carbamoyl-phosphate synthase 
mRNA levels more than 2-fold after 24 h, whereas 
a decrease in the levels of circulating glucocorti- 
costeroids as caused by adrenalectomy decreases 
the mRNA levels to 60% after 96 В. In intact 
animals, additional glucocorticosteroids have no 
effect on albumin mRNA levels; however, al- 
bumin mRNA levels decrease 2-fold upon removal 
of the adrenals. Glucocorticosteroids may there- 
fore be necessary for the maintenance of ‘погтаР 
levels of albumin mRNA (cf. Ref. 17). Elevated 
hepatic cyclic AMP levels, as seen in diabetic 
animals, are associated with a more than 2-fold 
increase in carbamoyl-phosphate synthase mRNA 
levels after 24 h. Furthermore, the effects of gluco- 
corticosteroids (triamcinolone treatment) and 
cyclic AMP (diabetes) are additive, causing a 3.5- 
fold increase after 24 h. Despite the continued 
presence of the inducing factors, their effects on 


их 


carbamoyl-phosphate synthase mRNA levels are 
transient, showing а 30-40% decrease when effects 
at 96 h are compared with those at 24 h. No 
effects of thyroid hormones on carbamoyl-phos- 
phate synthase mRNA levels were observed (data 
not shown). The diabetic condition causes a de- 
crease in albumin mRNA levels (cf. Ref. 18). 
Apparently, glucocorticosteroids are able to coun- 
teract some of the deleterious effects of diabetes 
on albumin synthesis. Starvation slightly decreases 
carbamoyl-phosphate synthase mRNA levels, while 
glucose refeeding restores the mRNA levels to 
normal. Starvation for 24 h has little effect on 
albumin mRNA levels. 

Fig. 1a shows the developmental profile of the 
ratio of the levels of hepatic carbamoyl-phosphate 
synthase mRNA and total RNA. Between 5 days 
before birth, when only a very small amount of 
mRNA can be detected, and 1 day before birth, 
carbamoyl-phosphate synthase mRNA levels in- 
crease 4-fold. Between this time and birth, mRNA 
levels remain constant, whereas in the first few 
postnatal days the mRNA levels drop to 50% of 
those at birth. Thereafter, mRNA levels incrase to 
attain maximum levels during the weaning period 
(3rd and 4th postnatal weeks). Adult mRNA levels 
are approx. 40% of those at weaning. In order to 
find the relationship between carbamoyl-phos- 
phate synthase mRNA levels and carbamoyl-phos- 
phate synthase protein levels it was necessary to 
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determine the total RNA content per gram liver 
(Fig. 1b). After birth, the total RNA level was 
found to be 8—9 mg/g liver. However, before birth 
much higher RNA contents were found (12-13 
mg/ liver at 4-5 days before birth), that rapidly 
decreased thereafter so that adult values were re- 
ached at 1 day before birth. The carbamoyl-phos- 
phate synthase protein content per g liver (Fig. 1c) 
was recalculated from previously published data 
[10], taking into account the perinatal differences 
in immunoreactivity of the enzyme protein. The 
average of the ratios of the liver content of 
carbamoyl-phosphate synthase mRNA and 
carbamoyl-phosphate synthase protein calculated 
from the data between 5 and 32 days after birth 
was set arbitrarily at 1 (Fig. 1d). It is clear that 
large changes in this ratio occur 1n the perinatal 
period, decreasing from a high value of 10 at 4 
days before birth to a low value of 0.5 at 1-3 days 
after birth, 1.е., а 15-20-fold change. These data 
may point to an enhanced efficiency of 
carbamoyl-phosphate synthase protein synthesis 
from its mRNA and/or a decreased rate of pro- 
tein degradation in the perinatal period (see Dis- 
cussion). 

For reference, the changes in carbamoyl-phos- 
phate synthase mRNA levels were compared to 
those of phosphoenolpyruvate carboxykinase 
mRNA (Fig. 2a) and albumin mRNA (Fig. 2b). 
Phosphoeno/ pyruvate carboxykinase mRNA levels 


EFFECT OF HORMONAL TREATMENT AND STARVATION ON THE LEVELS OF CARBAMOYL-PHOSPHATE SYN- 


THASE AND ALBUMIN mRNA IN ADULT RAT LIVER 


mRNA levels found in control animals (п = 9) are regarded as 100%, mRNA levels of experimental animals (л = 3-6) are expressed 
as percentages+S.E of control values. mRNA levels were determined by hybridization of radioactively labeled cDNA to serial 
dilutions of purified total RNA that was fixed on nitrocellulose Diabetes was induced with streptozotocin (70 mg/kg), 48 h before the 
start of the experiment. Triamcinolone acetonide (4 mg/kg) treatment was started at г = 0 В and repeated daily Adrenalectomy was 
performed 48 h before the start of the experiment. Starvation was started at г = 0 h Glucose (5 g/kg) was administered by gavage 2 h 


before death. ~ = no determination. 


Period of treatment 


24h 
Тпатсіпоіопе 250 + 30 
Daabetes 22010 
Diabetes + triamcinolone 350 + 30 


Adrenalectomy = 
Starvation 75415 
Starvation + glucose ' 115+10 


Carbamoyl-phosphate synthase mRNA 


Albumin mRNA 





96h 24h 96h 
170 + 30 95+ 5 110425 
125 +15 50+ 10 60 + 20 
230 + 50 830 +10 90 + 10 
60 + 15 - 45 +10 
- 90-10 - 
- 95+ 5 - 
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аге extremely low up to parturition. Immediately 
after birth the levels rapidly accumulate to their 
developmental maximum (cf. Refs. 14,19 and 20). 
Thereafter, mRNA levels hardly change. Albumin 
mRNA levels are relatively low before birth, and 
increase in the first postnatal week to reach a 
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Fig 1 Developmental profiles of* (a) carbamoyl-phosphate 
synthase (CPS) mRNA, (b) total liver RNA; (c) carbamoyl- 
phosphate synthase protein and (d) the ratio of carbamoyl- 
phosphate synthase mRNA and carbamoyl-phopshate synthase 
protein content (aX b:c). Carbamoyl-phosphate synthase 
mRNA levels were determined by dot-blot analysis and ex- 
pressed in arbitrary units per mg total RNA Total hver ЕМА 
content was estimated by the orcinol method [11]. Carbamoyl- 
phosphate synthase protein content was recalculated from pre- 
vious results [10] The average ratio of carbamoyl-phosphate 
synthase mRNA and protein between 5 and 32 days after birth 
was arbitrarily set at 1. Means + S.E. of 3-7 determinations are 
depicted. 
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Fig. 2. Developmental profiles оГ (a) phosphoenolpyruvate 
carboxykinase (PEPCK) mRNA and (b) albumin mRNA. 
mRNA levels were determined by dot-blot analysis and ex- 
pressed іп arbitrary units per mg total RNA Estimates were 
derived from the same RNA preparations as used for the 
determination of carbamoyl-phoshate synthase mRNA content 
(Fig. 1а) 


developmental maximum during the 2nd, 3rd and 
4th postnatal weeks. Thereafter, levels decline to 
adult values (cf. Refs. 21-23). 


TABLE П 


EFFECT OF HORMONAL TREATMENT ON THE 
LEVELS OF CARBAMOYL-PHOSPHATE SYNTHASE 
AND ALBUMIN mRNA IN FETAL RAT LIVER 


mRNA levels found ий control animals (п = 3—9) of the same 
age are regarded as 100%. mRNA levels of experimental animals 
(2 pools of 6 fetuses) are expressed as percentage of control 
values and, between brackets, as a percentage of maximal 
(inducible) adult values. mRNA levels were determined by 
hybridization of radioactively labeled cDNA to serial dilutions 
of purified total RNA that was fixed on nitrocellulose The 
fetuses were injected 3 days before birth with dexamethasone 
(25 mg/kg) truodothyronine (33 mg/kg), dibutyryl cyclic 
AMP (50 mg/kg) and theophylline (50 mg/kg) (¢ 0 В). This 
treatment was repeated after 24 h for the group examined at 48 
h 








Period of Carbamoyl-phosphate Albumin 

treatment synthase mRNA mRNA 
6h 420 (16) 80 

12h 210 (12) 80 

24h 145 (11) 80 

48h 120 (11) ` 50 





To find out whether the limited capacity to 
accumulate carbamoyl-phosphate synthase protein 
prior to birth [4,5,7,8] is caused by a limited capac- 
ity to accumulate carbamoyl-phosphate synthase 
mRNA, fetal rats were treated with a hormonal 
cocktail that had previously been found to be 
optimal for prenatal enzyme induction [8]. Table 
II shows that, as in adult rats, the effects of 
hormonal treatment on carbamoyl-phosphate syn- 
thase mRNA levels are transient. In fetal rats, the 
maximal effect (a 4-fold increase over basal levels) 
is observed after 6 h. Moreover, the maximal levels 
of carbamoyl-phosphate synthase mRNA that are 
observed in these fetuses represent only 16% of 
those observed in adults, showing that the capacity 
to accumulate carbamoyl-phosphate synthase 
mRNA is limited prenatally. For comparison, al- 
bumin mRNA levels were estimated as well. Table 
II shows that prolonged hormonal treatment did 
affect albumin mRNA levels. This effect is pre- 
sumably due to the cyclic AMP in the hormonal 
cocktail (cf. Table I). 


Discussion 


If one assumes that the rate of synthesis of 
carbamoyl-phosphate synthase protein 1s a linear 
function of the concentration of carbamoyl-phos- 
phate synthase mRNA (V, = k,[mRNA]) then the 
change in carbamoyl-phosphate synthase protein 
level (d E/dt) should equal the difference between 
the rate of protein synthesis (V.) and protein de- 
gradation (V, = k,[E]), ie. dE/dt = k [mRNA]— 
Ка[Е] (Ref. 24). The first assumption is allowed 
when the translational machinery is saturated with 
mRNAs of different types, while changes in the 
level of specific mRNAs occur. In steady-state 
conditions (d E/dt = 0), the ratio [mRNA]/[E] = 
Кз/К.. After calculation of d E/dt from the data 
of Fig. 1с, and assuming that either k, or Ка is 
constant, a curve is obtained which is virtually 
identical to that Fig. 1d. This demonstrates that 
dE/dt is negligible within the time scale of our 
observations. 

After birth, changes in the level of carbamoyl- 
phosphate synthase protein usually follow changes 
in the level of carbamoyl-phosphate synthase 
mRNA (Fig. 1d; cf., for example, Refs. 25 and 
26). The regulation of carbamoyl-phosphate syn- 
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thase gene expression by glucocorticosteroids and 
cyclic AMP in rat liver in this period of develop- 
ment 1$ therefore predominantly regulated at the 
pretranslational level (С, and Ка constant). Simi- 
larly, the effects of different protein contents in 
the diet оп carbamoyl-phosphate synthase gene 
expression have been localized at this pretransla- 
tional level [27]. It is most likely that the effects of 
protein content in the diet are mediated by cyclic 
AMP via changes in the rate of glucagon secretion 
[15,28]. Furthermore, glucocorticosteroids and in- 
sulin have been found to affect carbamoyl-phos- 
phate synthase mRNA levels in Reuber hepatoma 
cells [25]. 

It was very interesting to find that the 
carbamoyl-phosphate synthase mRNA/protein 
ratio is not constant in the perinatal period (Fig. 
19). The differential increase of carbamoyl-phos- 
phate synthase mRNA and protein can in princi- 
ple be explained by a 10—15-fold difference in the 
half-life of the mRNA and that of the protein 
molecule [24]. However, a similar increase in 
mRNA levels 1n the postnatal period 1s followed 
by a proportional increase in protein levels, as 1s 
evident from the constant ratio between both 
parameters (Fig. 1d). We have already argued that 
steady-state conditions for carbamoyl-phosphate 
synthase protein levels can be assumed to exist 
within the time scale of our observations. This 
then leaves the possibility that the carbamoyl- 
phosphate synthase mMRNA/protein ratio changes 
as a result of changes in the half-life of 
carbamoyl-phosphate synthase protein (Ку) or as 
a result of changes in the efficiency of protein 
synthesis from the carbamoyl-phosphate synthase 
mRNA (k,). In view of the fact that in cultures of 
14-day embryonic hepatocytes the half-hfe of 
carbamoyl-phosphate synthase protein 1s the same 
as that in adult liver (Van Roon et al., unpublished 
data), it seems most likely that the changes in the 
carbamoyl-phosphate synthase mRNA/ carba- 
moyl-phosphate synthase protein ratio in the pre- 
natal period are the result of changes in the ef- 
ficiency of protein synthesis from the cellular 
mRNA (translational control). However, in the 
immediate postnatal period a transient decrease in 
the rate constant of degradation of carbamoyl- 
phosphate synthase protein cannot be excluded, as 
such a phenomenon has been shown to exist for 


66 


phosphoeno/pyruvate carboxykinase in this period 
[29]. Therefore, carbamoyl-phosphate synthase 
gene expression in the prenatal period appears to 
be characterized by control at the pretranslational 
(regulation of mRNA levels (Fig. 1a, Table П)) as 
well as at the translational (regulation of К.) level, 
while in the immediate postnatal period, posttrans- 
lational (regulation of Ка) control may exist. In 
view of the long half-life of carbamoyl-phosphate 
synthase protein under ‘normal’ conditions [23] 
and the transient nature of the observed phenom- 
ena, it is probably best to verify the nature of the 
control mechanisms by measuring in vivo the rate 
of carbamoyl-phosphate synthase protein synthesis 
as a function of carbamoyl-phosphate synthase 
mRNA concentration (k,). The discrepancy be- 
tween the rates of accumulation of carbamoyl- 
phosphate synthase mRNA апа protein in the 
perinatal period was not previously observed [30], 
probably because too few observations were made. 
Many examples of translational (posttranscrip- 
tional) control mechanisms exist. In fact, in some 
cases, factors such as cyclic AMP can affect both 
the transcriptional and translational efficiency of 
genes [31]. 

The data in Table II clearly show that in order 
to explain the regulation of carbamoyl-phosphate 
synthase gene expression in the perinatal period, 
additional factors have to be identified. In particu- 
lar, the question arises as to why glucocorti- 
costeroids and cyclic AMP are not able to stimu- 
late gene expression to adult levels. Two still poorly 
defined factors have been identified by us as re- 
sponsible for the limited capacity of the fetal 
hepatocytes to respond to hormones: the intra- 
uterine environment [5] and the degree of develop- 
mental maturation of the hepatocytes (Ref. 3, and 
Van Roon et al., unpublished data). The availabil- 
ity of an in vitro culture system in which matura- 
tion towards the adult capacity of gene expression 
occurs (Van Roon et al., unpublished data) should 
allow further characterization of these factors and 
of their effects on carbamoyl-phosphate synthase 
gene expression. 
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Messenger ВМА was extracted from porcine pituitary pars intermedia and cloned as cDNA by standard 
methods. The nucleotide sequence encoding porcine pro-opiomelanocortin was established from analysis of 
two separate cDNA segments having an overlap of 420 bases. The amino acid sequence for the porcine 
pro-opiomelanocortin protein, which was inferred from the cDNA sequence, was found to correspond exactly 
to the sequence determined by direct amino acid analysis of the component peptides of pro-opiomelanocortin; 
namely, the porcine hormones ACTH, f-lipotropin, y- MSH and the connecting peptide. We thus find no 
evidence for the existence of two porcine pro-opiomelanocortin genes that differ in their coding sequences, as 
was suggested by the in vitro protein synthesis results of others using mRNA obtained from porcine 


pituitaries. 


Introduction 


The pituitary hormones f-endorphin and 
corticotropin are synthesized as a large common 
precursor protein [1,2] called pro-opiomelanocor- 
tin (POMC) [3]. The structure of the POMC pro- 
tein was first determined from sequence analysis 
of cloned complementary DNA (cDNA) tran- 
scribed in vitro from POMC messenger RNA 
(mRNA) extracted from bovine pituitary inter- 
mediate lobes [4]. Subsequently, the sequences for 
the human [5-7], rat [8] and mouse [9] POMC 
genes have been reported. From analysis of the 
primary structure of the precursor protein that 
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Abbreviations: ACTH, adrenocorticotropin; MSH, 

melanotropin; POMC, pro-opiomelanocortin; SSPC, 012 M 
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1X Denhardt solution [19], 0.02% Ficoll, polyvinylpyrrolidone, 

bovine serum albumin; SSC, 0.15 М МаС1/0.015 M sodium 
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corresponds to the DNA sequences, several con- 
clusions can be reached. First, the sequences of the 
hormonally active component peptides are flanked 
in the precursor protein by pairs of basic amino 
acids that may serve as recognition sequence for a 
maturation enzyme that cleaves the precursor into 
its multiple components. Secondly, the sequences 
that encode known hormones are highly conserved 
through all of the species studied. Thirdly, the 
peptide segments that separate those components 
of POMC that are known to be hormonally active 
show a high degree of variability from species to 
species. The selective conservation of specific re- 
gions of a multifunctional peptide makes POMC a 
useful model system for the study of evolution at 
the genomic level. 

Although it is thought that the gene encoding 
POMC 15 present as a single copy in the genome, 
the possibility that multiple POMC genes exist was 
suggested by the results of rat DNA genomic blots 
showing multiple POMC-hybridizable bands [8]. 
Recently, two forms of RNA from the rat pituitary 
intermediate lobe, both encoding POMC but vary- 


0167-4781 /86 /$03.50 © 1986 Elsevier Science Publishers В V. (Biomedical Division) 


AN 


ing in the non-coding upstream region, have been 
identified; however, both of these species seem to 
arise from differently spliced transcripts of a single 
gene [29]. In the mouse, a single POMC gene was 
isolated and sequenced [9]. A second sequence 
homologous to POMC DNA and present in this 
species was found to be a pseudogene [10]. 

While no evidence of multiple copies of the 
РОМС егепе has been found by analysis of bovine 
or human DNA libraries, mRNA extracted from 
the porcine intermediate lobe and translated іп a 
cell-free system yielded two separate POMC pro- 
teins that differed in their primary sequence [11]. 
This result suggested the existence of two POMC 
mRNA species that vary in their coding.sequence, 
raising the possibility that two distinct POMC 
genes are in fact present in the porcine genome. 
Such an occurrence would make the porcine ge- 
nome unique among known mammalian systems. 

We have cloned POMC cDNA corresponding 
to a population of mRNA molecules isolated from 
the porcine pituitary intermediate lobe. We report 
here the nucleotide sequence of a cDNA species 
encoding the porcine POMC transcript and our 
unsuccessful search for a second porcine POMC 
mRNA species by Northern blot analysis of RNA 
and by DNA sequencing. 


Materials and Methods 


Materials. Restriction enzymes were obtained 
from New England Biolabs or Bethesda Research 
Laboratories; DNA polymerase Klenow fragment 
was obtained from Boehringer-Mannheim, and 
terminal transferase from PL Biochemical. Reverse 
transcriptase was a gift from Dr. R. Beard. Labeled 
nucleotides were from Amersham International. 
pBR322-dG-tailed vector DNA was obtained from 
New England Nuclear, Bacterial strains were 
Escherichia coli C600 НА“ and HB101 [13,15]. 

mRNA extraction, cDNA synthesis and cloning. 
mRNA was extracted and purified as described 
[12]. Synthesis of the first strand of cDNA was 
initiated by an oligo(dT) primer. Second-strand 
synthesis was initiated by a self-forming hairpin 
after boiling of the first strand [12]. After trim- 
ming by S, nuclease, cDNAs were cloned in two 
different ways: in the PstI site of pBR322 by the 
dG-dC tailing method [12] or in the CI gene of 
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bacteriophage Agt-10 after addition of EcoRI lin- 
ker [13]. 

Analysis of cloned cDNA. Nick-translated [14] 
DNA corresponding to the pSNAC20 plasmid, 
which contains the bovine POMC cDNA sequence 
[4], was used as a probe for colony or plaque 
hybridization [16,17]. Hybridization was carried 
out in 50% formamide, 5 х SSPC, 1 x Denhardt 
solution [18] at 32°C. Sequencing of DNA [19] 
was done on fragments labeled by the DNA poly- 
merase Klenow fragment. 

Northern and genomic blots. RNA samples were 
denatured in 50% formamide and 2.2 M for- 
maldehyde and run on a 30 cm horizontal 1.4% 
agarose gel containing 2.2 M formaldehyde [20]. 
After transfer of RNA to nitrocellulose paper, the 
blot was hybridized in 5 x SSPC, 50% formamide 
and 10% dextran sulfate at 42 or 32?C overnight 
[21]; these conditions should allow for at least 23% 
mismatch using a probe 750 basepairs in length. 
The probe used was derived from a nick-translated 
plasmid (pPIL31) containing part of the porcine 
cDNA for POMC. Blots were washed for 15 min 
in 0.1 x SSC, 0.1% SDS at 32 or 42°С [22]. 

10-ир aliquots of porcine genomic DNA was 
digested with BamHI, Hindlil or EcoRI endo- 
nucleases. The DNA digests were electrophoresed 
on a 1% horizontal agarose gel and transferred to 
nitrocellulose [22]. Filters were then probed with a 
nick-translated Xmal fragment of pPIL23 in 5 х 
SSC, 5x Denhardt solution [18] and 50% for- 
mamide for 20 h at 42?C. 


Results 


Cloning and sequencing 

mRNA was extracted from porcine pituitary 
intermediate lobes, purified by two passages over 
an oligo(dT)-cellulose column [11], and cDNA was 
synthesized as indicated in Materials and Meth- 
ods. The resulting cDNAs were either ligated to 
EcoRI linkers or tailed with dC and reannealled 
with EcoRI-digested Agtl0 DNA or dG-tailed 
pBR322 DNA, respectively. The pBR322 cDNA 
recombinant was introduced by transformation 
into E. col: strain HB101 host; the efficiency of 
transformation іп this ғес” host was about 3. 104 
colonies per microgram DNA. The recombinant 
A/cDNA species were packaged and transfected 
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Fig. 1. Strategy for sequencing the two POMC cDNA pPIL31 and рр 23 are two cDNAs coding for porcine РОМС The protein 15 
schematically represented in the lower part. The black vertical lines represent pairs of basic amino acid residues The hatched box 
represents the Smal fragment used for genomic blot. Arrows indicate the direction of sequencing from relevant restriction enzyme 


sites, С.Р. 1s connecting peptide 


the host C600 Hfl at a frequency of 2 · 10° plaques 
per pg of cDNA insert. 

3% of the colonies or plaques showed hybridiza- 
tion with a nick-translated probe derived from the 
bovine POMC-containing plasmid. Purification 
and analysis of these clones showed that most 
cDNA inserts were short and none contained a 
full-length POMC cDNA. However, analysis was 
carried out on two separate clones that spanned 
the whole porcine POMC sequence (Fig. 1). One 
of these cDNA inserts (750 bp in length) com- 
prised part of the 5’ non-translated region plus 680 
bp of the coding region (pPIL31). The second 
insert studied (800 bp in length) comprised the 
entire 3’ non-translated region up to the poly- 
adenylation site, plus 630 bp of the coding region 
(pPIL23). Both were sequenced by following the 
strategy shown in Fig. 1; the full sequence is 
shown in Fig. 2. The overlapping sequence be- 
tween the two cDNA species is 420 bases long. 


Genomic DNA blots 

DNA was extracted from porcine Нуег and 
aliquots were digested with enzymes, EcoRI, 
НтаШ, and BamHI (Fig. 3). These enzymes do 


not cut the porcine POMC coding sequence (shown 
by Fig. 2). More importantly, they do no cut the 
Smal fragment shown as a hatched box in Fig. 1. 
In all the genes coding for POMC sequenced thus 
far (human, rat and bovine [5—7,8,23]) introns 
occupy corresponding positions: one intron is 
located in the 5” non-translated region; the other is 
present after the codon for the 19th amino acid of 
the POMC protein. The Smal fragment used to 
probe the genomic blot does not span either of 
these two regions. As seen in Fig. 4, two hybridiz- 
ing bands were observed in every restriction digest. 
This suggests that two sequences homologous to 
the central part of POMC cDNA are present in 
the porcine genome if the porcine POMC gene 
structure is similar to the structure found in other 
species. Whether these two sequences represent 
active genes is not known. 


Northern blots 

Total RNA (20 pg) from the porcine pituitary 
pars intermedia lobes were denatured in 50% for- 
mamide, 2.2 M formaldehyde and electrophoresed 
on a horizontal 1.4% agarose gel; a long gel bed 
(30 cm) was used in order to separate possible 
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POMC mRNA species that differ only minimally 
in length. After transfer to nitrocellulose, the RNA 
blot was hybridized with nick-translated pPIL31 


-40 
CCGAGTTTCCTGCCTCGCGCAACGGGAGTCGCCCCGAGAGCAGCCTCCCCGCGACAGAGCCTCAGCCTGCTTGGAAG 


30 
ATG CCG AGA TTG TGC AGC AGT CGC TCG GGG GCC CTG CTG CTG GCC TTG CTG CTT CAG GCC 
Met Pro Arg Leu Cys Ser Ser Arg Ser aly Ala Leu Leu Leu Ala Leu Leu Leu Gln Ala 
1 0 


60 


20 


90 120 
TCC ATG GAA GTG CGT GGC TGG TGC TTG GAA AGC AGC CAG TGT CAG GAC CTC ТСС ACG GAA 
Ser Met Glu Val Arg Gly Trp Cys Leu Glu Ser Ser Gin Cys Gin Aps Leu Ser Thr edd 


AGT AAC 
Ser Asn 


ТТТ ccc 


САС ТТС 
His Phe 


666 GGC 


Gly Gly 


ccc cec 
Pro Arg 


CAC ТТС 
His Phe 


GGC GCC 
Gly Ala 


TTG CTG GCG TGC ATC 
Leu Leu Ala Cys Ile 


30 


150 180 
CGG GCC TGC AAA CCA GAT CTC TCC GCG GAG ACG CCC GTG 
Arg Ala Cys Lys Pro Asp Leu Ser Ala Glu Thr Pro үг, 
50 0 


210 240 

GGC ААС GGC GAC GCG CAA CCG CTG ACC GAG ААС CCC|CGG AAG|TAC GTC ATG GGC 
Phe Pro Gly Asn Gly Asp Ala біп Pro Leu Thr Glu Asn Рго| Амд Lys|Tyr Val Met Gly 
70 80 

0 300 

CGC TGG GAC CGC TTC GGCICGC CGG/AAT GGC AGC AGC AGC GGC GGC GGT GGC GGT 
Arg Trp Asp Arg Phe GlyjArg ArglAsn Gly Ser Ser Ser Gly Gly Gly Gly iM 
ЧО 00 

330 360 

GGC GCG GGC o edlen GAG GAG GAG GAG 676 GCG GCG GGC GAA GGC ССС GGG 
Gly Ala Gly Gin g|Glu Glu Glu Glu Val Ala Ala Gly Glu Gly Pro Gly 
110 120 

390 420 

GGA GAT GGC GTC GCG CCG GGC CCG CGC CAG БАС] AAG CGC|TCC TAC TCC ATG GAG 
Gly Asp Gly Val Ala Pro Gly Pro Arg Gin AspiLys Ага! Ser Tyr Ser Met Glu 
130 140 

450 480 

CGC TGG GGC AAG ССС GTG GGC|AAG AAG Сб CCG GTG AAG GTG TAT CCC AAC 
Arg Trp Gly Lys Pro Val Gly 9 Arg|Pro Val Lys Val Tyr Pro Asn 
Ü 160 

510 540 

GAG САС GAG TTG GCC GAG GCC TTC ССС СТС бАб TTCÍAGG AGG|GAG CTG GCC 666 
Glu Asp Glu Leu Ala Glu Ala Phe Pro Leu Glu Phe|Arg Arg|GLu Leu Ala Gly 
170 180 


GCG CCC 
Ala Pro 


GAG CTG 
Glu Leu 


TAT AAG 
Tyr Lys 


ATG ACC 
Met Tnr 


AAC GCC 
Asn Ala 


CCC GAG CCG GCA CGG 
Pro Glu Pro Ala Arg 


GAG TAC GGG CTG GTG 
Glu Tyr Gly Leu Val 


ATG GAG САС TTC CGC 
Met Glu His Phe Arg 


TCC GAG AAG AGC CAG 
Ser Glu Lys Ser Gln 


CAC AAG AAG GGC CAG 
His Lys Lys Gly Gin 
267 


570 600 

GAC CCC GAG GCC CCG GCC GAG GGC GCG GCC GCC CGG GCC 
Asp Pro 9ш Ala Pro Ala Glu Gly Ala Ala Ala Arg Ala 
200 


630 660 

GCC GAG GCC GAG GCG GCG GAG|AAG AAG] GAC GAA GGG ССС 
Ala Glu Aa Glu Ala Ala Glu|Lys Lys| Asp Glu Gly Pro 
220 


690 720 

TGG GGC AGC CCG ССС AAG GACIAAG CGC] ТАС GGC GGC TTC 
Trp Gly Ser Pro Pro Lys AspjLys Arg| Tyr Gly Gly Phe 
230 240 

750 780 

ACG ССС CTG GTC ACG CTG TTC ААА AAC GCC АТС GTC AAG 
Thr Pro 2n Val Thr Leu Phe Lys Asn Ala Ile Val Lys 
260 


810 850 
TGA GGGTTCAGGGGGCAGGCGCCTCTCACCCCGGAAGCCGACCCCAAAG 


890 930 
CCCCCTCTCCTTGCCTGCCCTCCTGCCGCCTCCAGCCCGGGGTACGCTCAGGCTGTGTGGGCGCCAGATATCCCGCCT 

970 
CTTACCTGTAGTTAGGAAATAAAACCTTTCAAGTTTGpolyA . 
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DNA at 42?C. Total RNA yielded a single band 
representing ап ВМА species about 1300 bases 
long (Fig. 4A). On another gel purified mRNA 


Fig. 2. Nucleotide sequence of porcine POMC 
cDNA with the derived protein. Pairs of basic 
amino acid residues are boxed. Nucleotides 
and amino acid residues are numbered from 
the initiation. methionine codon (upper and 
lower numbering, respectively). 


72 





к 





Fig. 3. DNA (10 pg) extracted from porcine liver was digested 
(lane 1) Bam HI (10 units), (lane 2) HindIII (10 units) or (lane 
3) EcoRI (10 units) endonuclease The digests were run on a 
horizontal 1% agarose gel and blotted (see Materials and Meth- 
ods) 


(0.3 ир) was run and blotted (Fig. 4B, lane 2). 
Again a single band comigrated with the one ob- 
served with total RNA (Fig. 4B, lane 1). Hybridiz- 
ing this blot at lower temperature (32?C) gave the 
same results. Denaturation of the RNA by glyoxal 
[21] prior to electrophoresis also showed identical 
results (not shown). 


Sequencing of different cDNAs encoding Porcine 
POMC 

Both the plasmid and the phage cDNA libraries 
were probed with nick-translated pSNAC20 or a 5' 
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Fig 4 Northern blots of RNAs extracted from porcine pitui- 
tary pars intermedia. А. Total RNA (20 ир) was denatured in 
formaldehyde/formamide, run on a 30 cm horizontal 1.4% 
agarose gel (see Materials and Methods), blotted and probed 
with nick-translated pPIL31. The positions of molecular weight 
markers (denatured pBR322 DNA digested with Tagl or Bst NI) 
are shown. В Total RNA (5 pg, lane 1) and purified mRNA 
(0.3 ре, lane 2) were denatured, run and probed as above. 


Hinf/Avall fragment of pPIL31 under low strin- 
gency conditions described in Materials and Meth- 
ods in order to identify several candidates encod- 
ing the 5’ end of POMC. Four different clones of 
various length (350 to 700 bp) were isolated. The 
POMC amino-terminal coding region of the cDNA 
insert in each of these clones was sequenced. These 
sequences encode the signal peptide region of the 
porcine POMC where recently two different pro- 
tein sequences have been reported [11]. However, 
all of them showed the same sequence determined 
for the cDNA insert of pPIL31. 


Discussion 
The porcine POMC is different from the previ- 


ously studied species in the variable region that 
has been termed the “connecting peptide” (see 


Fig. 1); it is more related in this region to human 
and bovine POMC than to the POMC of rodents. 
The porcine y-MSH peptide terminates with an 
Arg- Arg, doublet (at position 89—90) followed by 
a hypervariable region, then another pair of basic 
amino acids residues Lys—Arg (position 107-108) 
followed by the somewhat more conserved region 
of the connecting peptide. The two rodent species 
each have ап Arg- Arg pair at the end of a longer 
y-MSH but lack the Lys~Arg pair further along 
the precursor protein. The hormone adrenocorti- 
cotropin starts at amino acid number 136 of the 
POMC peptide [24] and is preceded by ап Arg- Lys 
pair that is also present at the same location in all 
other POMC species sequenced to date; rat [8], 
mouse [9], bovine [4] and man [5]. Combinations 
of the basic amino acids arginine and lysine also 
precede B-endorphin (position 235—236) and the 
y-MSH (position 75-76) in all of these species. An 
arginine doublet occurs in the porcine sequence 
(position 176—177), as opposed to Lys- Arg in the 
other species; the effects, if any, of this difference 
on the maturation of РОМС іп porcine pituitary 
are unknown. 

The variable region of the porcine POMC con- 
necting peptide 1s also unusual іп its composition 
as compared with other known POMC sequences. 
From position 91, a sequence of three serine re- 
sidues 1s followed by eight glycines. The latter 
repetition might have arisen by duplication of the 
codon GGC in the porcine genome; this codon is 
slightly degenerate in the third position of some of 
the glycine-encoding triplets, showing two occur- 
rences of thymine bases instead of cytosine. In the 
related POMC of human and bovine species, simi- 
lar but less extensive repetitions of AGC, the 
codon for serine, occur. 

Our analysis of genomic DNA hybridizing with 
POMC cDNA showed the presence of two sep- 
arate bands. Analogous results have been observed 
in several other mammalian species [10], and in at 
least one species (Le. the mouse) one of the 
POMC-hybridizable segments was found to be a 
pseudogene. Analysis by Northern blotting of 
RNA obtained from the porcine pars intermedia 
showed only a single band of 1300 bases. How- 
ever, when messenger RNA isolated from porcine 
pituitary pars intermedia was translated in a 
cell-free system, two proteins bearing antigenic 
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determinants of POMC resulted [11]. These two 
proteins showed differences in the sequence at the 
amino terminus. The unique porcine cDNA se- 
quence we have obtained encodes the smaller form 
of POMC, 

In probing through two separate cDNA libraries 
derived from porcine pars intermedia mRNA un- 
der conditions of hybridization allowing for 23% 
mismatch, we identified four separate clones hav- 
ing cDNA homologous to the 5’ end of the POMC. 
Nucleotide sequence analysis of these clones in the 
region corresponding to this segment (which corre- 
sponds to the region where differences were found 
in the porcine POMC protein) showed that all four 
isolates had a sequence identical to that of pPIL31. 
While our analysis does not exclude the possibility 
that two separate POMC mRNA species exist in 
the porcine pars intermedia, the probability of not 
finding both of these cDNAs with five separate 
sequences is small (less than 7%) if both аге pre- 
sent in equal amounts as suggested by the results 
of cell-free translation and immunoprecipitation 
experiments [11]. 

While this manuscript was in preparation, 
Boileau et al. [28] reported a cDNA sequence 
encoding porcine POMC. The unique sequence 
shown is identical to ours for most of the coding 
sequence, with two differences in 700 bases. How- 
ever, substantial differences were found in the 
signal peptide region, including our finding of a 
serine instead of a leucine in position 6, an alanine 
for a threonine in position 15 and six other silent 
changes. In all these controversial positions our 
sequence agrees with the partial one determined 
by Oates and Herbert [29]. 
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Effects of addition of derived 40 S subunits on translation rate and polysome 
profile of the reticulocyte lysate 
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(Rabbit reticulocyte) 


We have investigated the way in which the addition of exogenous 40 S subunits to a reinitiating cell-free 
translation system, prepared from reticulocytes, may affect translational parameters of the system. The 
disturbance of the system's subunit stoichiometry resulted in the following changes in the ribosome profile: 
(1) rapid exhaustion of the pool of native 60 S subunits; (2) appearance of humps on the peaks of the 
polysome profile, which probably represent unusually long-lived [40 S - polysomal] complexes; (3) at higher 
doses of exogenous particles, the amount of polysomes decreased. This latter effect reflected a corresponding 
decrease in the overall translation (i.e. initiation) rate. The phenomena are interpreted as follows: exogenous 
40 S subunits combine with 60 S subunits, forming idle 80 S ribosomes. The shortage of 60 S subunits delays 
the utilization of [40 S*polysomal] complexes, which is compensated for by a pool increase of these 
complexes. At high 40 S subunit doses this compensatory mechanism fails, and the 60 S shortage begins to 
determine the overall translation rate. The observations underline that the various translational parameters of 
the lysate function in an optimally concerted manner, so that only small amounts of derived 40 S subunits are 


tolerated by the system for analysis. 


Introduction 


The physiological significance of the phos- 
phorylation of the ribosomal protein S6 located at 
the mRNA binding site of the 40 S ribosomal 
subunit [1,2] has remained elusive. On the basis of 
in vivo observations Duncan and McConkey [3] 
have claimed that a high degree of 40 S phos- 
phorylation in protein S6 improves the particles’ 
likelihood of becoming engaged in protein synthe- 
sis. Attempts to substantiate this claim by in vitro 
studies using a variety of systems have failed so far 
[4-7], with the possible exception of one system in 
which poly(AUG) was employed as message [8]. 


* To whom correspondence should be addressed 


An obvious approach to arrive at meaningful re- 
sults would be to add 40 S particles of a defined 
state of phosphorylation to a reinitiating cell-free 
translation system and compare the recruitment 
rates of 40 S subunits of different degrees of 
phosphorylation. 

We have addressed this latter aspect. We not- 
iced, while trying to study the physiological signifi- 
cance of S6 phosphorylation, that the ribosomal 
subparticle stoichiometry of cell-free translation 
systems is delicately balanced. А disturbance of 
this balance by increasing the amount of 40 S 
subunits ın the system will lead to a lag in the 
utilization of mRNA-bound preinitiation com- 
plexes. If the lag increases it will become thé 
rate-limiting step for protein synthesis, as shown 
here. 
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Materials and Methods 


Materials 

Joklik-modified Eagle’s medium (JMEM) was 
obtained from GIBCO. Ingredients for the cell-free 
system, anisomycin and cycloheximide were 
purchased from Sigma. Puromycin was obtained 
from Serva ‘and radioactive methionine (1310 
Ci/mmol) from Amersham. 


Preparation of derived ribosomal subunits 

Young rabbits (approx. 2.8 kg), purchased from 
farmers, were made anemic by injection of a 2.5% 
phenylhydrazine solution (0.3 ml/kg on five con- 
secutive days). On the 7th day the anesthetized 
and heparinized animals were exsanguinated by 
heart puncture. The blood was collected in ice-cold 
wash buffer (140 mM NaCl, 5 mM КС, 5 mM 
MgCl.) and all further operations were carried 
out at 0—4?C unless stated otherwise. The cells 
were sedimented by centrifugation (8 min, 3500 
rpm) in a GSA Sorvall rotor and washed three 
times with 150 ml wash buffer. The cells were 
weighed and lysed with 2.5 vol. (referring to the 
weight of packed cells) of lysis medium (4 mM 
МЕСІ,, 20 mM f-mercaptoethanol). One-seventh 
volume (referring to lysate volume) of compensat- 
ing solution (150 mM KCI, 1.5 M sucrose) was 
added immediately after lysis. The lysate was 
centrifuged (15 min, 15000 rpm) in an SS 34 
Sorvall rotor, and the postmitochondrial super- 
natant was layered over a discontinuous sucrose 
gradient (5'ml of 27% over 5 ml of 45% w/v) 
sucrose solution in step gradient buffer: 50 mM 
KCl 3 mM magnesium acetate, 15 mM £- 
mercaptoethanol, 20 mM Hepes-KOH (pH 7.4; 
18°С) and centrifuged in thick-wall polycarbonate 
tubes for 6 h at 36000 rpm in a Ti 50.2 Beckman 
rotor. The supernatant and the top 4 ml of the 
cushion were discarded. 

The ribosomal pellets were suspended in release 
buffer (500 mM КС, 3.5 mM magnesium acetate, 
20 mM _ Tris-HCl (рН 7.6), 15 mM В- 
mercaptoethanol); the suspension was cleared of 
poorly suspending material by a 5 min centrifuga- 
tion ш an Eppendorf table centrifuge, and the 
polysomes were incubated for 25 min at 37?C with 
1 mM puromycin [9]. The ribosomal subunits were 
separated by centrifugation in an SW 27 Beckman 


rotor (18?C, 7 h, 24000 rpm) through an exponen- 
tial sucrose gradient (formed with 20 ml 10% and 
40 ml 50% w/v sucrose solutions) in high salt 
gradient buffer (500 mM KCI, 5 mM magnesium 
acetate, 30 mM Tris-HCl (pH7.6), 15 mM f- 
mercaptoethanol). The gradients were fractionated 
according to their A,,, profile so that contamina- 
tion of 40 S subunits with 60 S subunits was 
carefully avoided. With 1.6 vol. of compensating 
buffer (25 mM magnesium acetate, 20 mM KCI, 
20 mM Tris-HCl (рН 7.6), 15 mM В- 
mercaptoethanol) the salt concentrations of the 
subunit fractions were adjusted to 18 mM mag- 
nesium acetate and 200 mM КСІ, and the subunits 
were sedimented in thick-wall polycarbonate tubes 
in a Ti 50.2 rotor (18 h, 35000 rpm). They were 
resuspended in ribosome buffer (3 mM magnesium 
acetate, 80 mM KCI, 15 mM Tris-HCl, pH 7.6) to 
а concentration of 100 A». units 40 S subunits per 
ml. 


Cell-free system 

The rabbit reticulocyte lysate was prepared as 
described [10]. The reaction mixture for studying 
endogenous protein synthesis contained in a 
volume of 50 pl: 35 pl reticulocyte lysate supple- 
mented with hemin (20 uM final) and creatine 
kinase (EC 2.7.3.2) (50 pg/ml final), 8 uM crea- 
tine phosphate, 80 mM KCl, 0.4 mM MgCl,, 200 
ЕМ of unlabelled amino acids (without methionine) 
and 5 pCi of 1-[?S]methionine (1310 Ci/mmol). 
Some lysates showed more linear incorporation 
kinetics when adenine or 2-aminopurine was ad- 
ded to a final concentration of 6 mM. Incubation 
was at 30°C; protein synthesis was assayed as 
described [10]. 


Gradient analysis of polysome profiles 

Incubation mixtures were diluted 1:2 with 
gradient buffer (20 mM Tris-HCl (pH 7.5), 100 
mM КС, 5 mM magnesium acetate) and loaded 
onto 12-50% isokinetic sucrose gradients in gradi- 
ent buffer and centrifuged for 2 h at 36000 rpm in 
a Beckman SW 41 rotor. After centrifugation the 
contents of the tube were monitored with an Isco 
type 4 optical unit connected to a recorder. 

For the analysis in Fig. 1 a modified gradient 
buffer (for details see legend) was used in order to 
prevent unspecific penetration of radioactive 
material into the gradient. 


Labelled ribosomal subunits 

HeLa S3 cells were suspended in 1 litre of a 
phosphate-free medium which was a modification 
of JMEM, containing 30 mM Hepes (pH 7.4), 
twice the normal amount of amino acids and 1.5 g 
instead of 1 g glucose/l. Carrier-free [**P]ortho- 
phosphate (1.5 pCi/ml) was added; this was fol- 
lowed by the addition of 120 ml of horse serum 
and, 30 min later, by 120 ml of unmodified JMEM. 
The cell density was 3.8 - 10° cells/ml. The pH of 
the culture was kept between 7.0 and 7.4, and after 
2 days the cells were collected on phosphate- 
buffered saline-ice. All further preparative work 
was performed at 4°C unless stated otherwise. The 
cells were washed three times with phosphate- 
buffered saline (1000 хе, 5 min) and finally 
broken by suspension in 6 vol. (referring to weight 
of packed cells) of lysis medium which contained 
5% (w/v) sucrose, 40 mM KCI, 3 mM magnesium 
acetate, 10 mM KF, 25 mM KHPO, buffer (pH 
7.4), 0.5% (v/v) Triton X-100 and 15 mM f- 
mercaptoethanol. The supernatant of a 15 min 
centrifugation at 9000 rpm in an SS 34 Sorvall 
rotor was adjusted to 1% deoxycholate (using a 
10% (w/v) stock solution) and layered over two 
layers of sucrose (5 ті 27.5% over 5 ml 45% 
sucrose in 40 mM KCl, 3 mM MgCl,, 10 mM KF, 
10 mM KHPO, buffer, pH 7.4) and centrifuged 
for 6 h at 36000 rpm in a Ti 50.2 Beckman rotor 
in thick-wall polycarbonate tubes. The sedimented 
ribosomes were resuspended in release buffer (480 
mM KCl, 7 mM KF, 7 mM KHPO, buffer, 3.5 
mM magnesium acetate, 15 mM  f-mercapto- 
ethanol, 20 mM Tris-HCl, рН 7.5) and incubated 
with 1 mM puromycin for 25 min at 37°C. The 
HeLa ribosomal subunits were then isolated ex- 
actly as described for reticulocyte ribosomal sub- 
units. 


Results 


Ribosomes, ?P-labelled in their RNA moiety, 
were prepared from HeLa cells grown in the pres- 
ence of ?PO,. The ribosomes were dissociated 
into subunits using puromycin in the presence of a 
high-salt buffer [9]. The biological activity of the 
40 S subunits was judged by competition analysis: 
small amounts of subparticles were added to a 
cell-free translation system, prepared from rabbit 
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Fig. 1. Distribution of ??P-labelled 40 S over 40 S, 80 S and 
polysome fractions of a reticulocyte lysate after 4 min incuba- 
tion at 30°С А reticulocyte lysate (200 #1) supplemented with 
all the components necessary for protem synthesis was prem- 
cubated for 1 min at 30?C to bring the reaction mixture to the 
desired temperature. Then 0 057 А units of 40 S particles 
(labelled with ??Р in the rRNA morety) were added and 
incubation continued for 4 mun The reaction was stopped by 
the addition of 300 ul cold gradient buffer (50 mM Tris-HCI 
(pH 7.5), 150 mM KCI, 5 mM MgCl, 0.1% Triton X-100). The 
sample was then loaded onto a 10-50% ізоКіпейс sucrose 
gradient іп gradient buffer and centrifuged for 110 mun at 
36000 rpm in an SW 41 rotor. Fractions of 20 drops were 
collected from the bottom of the gradient and the absorbance 
at 254 nm was monitored with an Isco type 4 optical unit 
connected to a recorder Тһе direction of sedimentation 15 from 
left to right. 


reticulocytes, and allowed to compete with the 
endogenous unlabelled subunits for recruitment 
into the polysome fraction (Fig. 1) From the 
steady-state radioactivity distribution over the 
ribosomal subpopulations of 40 S, 80 S and poly- 
somal particles, we calculated, by reference to a 
theoretical model (to be published elsewhere), that 
80% of the exogenous 40 S subunits can be re- 
garded as being biologically indistinguishable from 
the endogenous 40 S subunits of the translation 
system. 

Іп order to obtain reliable data on the bio- 
logical activity of 40 S subunit preparations by this 
approach, it was important not to exceed a certain 
critical dose of exogenous particles added to Ше 
translation system. This was concluded from the 
following observation. At low doses of exogenous 
particles the distribution of the exogenous 40 S 
subunits over native 40 S and polysome region 
remained constant (Table D); however, at higher 
doses the percentage of the 40 S subunits entering 
the polysome region decreased. At the same time 
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TABLE I 


EFFECT OF THE DOSE ОЕ ?P.LABELLED 40 S SUB- 
UNITS ADDED TO A RETICULOCYTE LYSATE ON THE 
STEADY-STATE DISTRIBUTION OF RADIOACTIVITY 


Increasing amounts of salt-washed 40 S subunits from HeLa 
ribosomes, labelled during biosynthesis with ??Р in the rRNA 
moiety, were added to a reticulocyte lysate (final volume 200 
wl). Incubation was for 6 min at 30°C. The reaction was 
stopped with 300 ul cold gradient buffer containing 100 pg/ml 
cycloheximide.-The mixture was then analyzed on 10-50% w/v 
isokinetic sucrose gradients as described in Matenals and 
Methods Using the absorbance profile as guidance, the per- 
centage of the total radioactivity present in the polysomal 
region of the gradient was calculated The incubation mixture 
contained 1,87 А зву units of reticulocyte ribosomes. 





Dose of 40 S subunits Radioactivity in 
ae as % of polysomes (%) 
А зо endogenous 40 $ 

1 0.023 125 47 

2 0.046 250 47 

3 0.092 5 47 

4 0.138 7.5 47 

5 0.187 10 37 

6 0.374 20 13 


we observed а decrease in the polysome content of 
the translation system. 

This observation prompted us — because of 
implications for 40 S subunit activity studies — to 
examine in more detail the effect of a disturbance 
of subunit stoichiometry on translational parame- 
ters. The first question to be answered was whether 
the deterioration of the polysome profile reflected 
an inhibition of translation. Therefore, translation 
rates were determined as a function of the 
stoichiometric imbalance of subparticles (Fig. 2) 
and the results were compared with the changes of 
the ribosome profile (Fig. 3 and Table IT). For this 
and further analyses unlabelled 40 S subunits de- 
rived from reticulocyte ribosomes could be used, 
since their addition to the translation system had 
exactly the same dose-dependent effect on the 
various parameters studied as that of labelled HeLa 
subunits (data not shown). 

Fig. 2 shows that the [S]methionine incorpo- 
ration into protein decreased with increasing con- 
centrations of exogenous 40 S particles. The incor- 
poration was reduced to 65-75% of the control 
when the amount of exogenous particles equalled 
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Fig. 2. Effect of the addition of derived 40 S subunits оп the 
[S]methionine incorporation into protem in а reticulocyte 
lysate translating endogenous mRNA. Incubation in a final 
volume of 50 p] was at 30°C. At the start of incubation the 
following amounts of derived 40 S subunits suspended in 4 ul 
of mbosome buffer were added: none (8), 0 068 А, (x), 0 136 
А (О) and 0.272 А, (A). The added 40 S amounted to 
40%, 80% and 160%, respectively, of the actively cychng 40 $ 
At intervals of 3 min, samples of 6 д1 were withdrawn and 
processed as described in Materials and Methods. 


that of the endogenous 40 S involved in the ribo- 
some cycle (which excludes the 40 S in messenger- 
free ribosomes from the calculation). Since the 
polysomes of such lysates (Fig. 3) deteriorated to 
the same extent as the translation rate, as shown in 
Table II, we have to assume that initiation is the 
inhibited process. We wondered whether this ef- 
fect reflected the presence of damaged particles in 
our 40 S preparation. If such particles were func- 
tional with respect to factor binding but non-func- 
tional with respect to mRNP binding or mRNP 
passage, they might critically reduce the amount of 
factors available to the fully functional subunits. 
Addition of purified factors, however, did not 
have any effect on the level of inhibition (result 
not shown). 

Interestingly, the quantitative changes of the 
profile were accompanied by qualitative changes: 
on the leading edges of the polysome peaks, most 
clearly visible on those of dimers and trimers, 
shoulders or even humps could be observed. Con- 
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Fig. 3. Effect of the addition of derived 40 S subunits оп the 
polyribosome profile of a reticulocyte lysate To 96 ul of lysate, 
supplemented with all the ingredients necessary for protein 
synthesis, were added, in a volume of 4 yl, the following 
amounts of derived 40 S subunits: A, none; B, 0.034 A545; C, 
0.068 Або, D, 0 136 Ао; Е, 0.272 Argo; Е, 0.544 А, After 
9 min at 30°C the reaction was stopped with 200 pl cold 
gradient buffer (50 mM Tris-HCI (pH 7.5), 100 mM KCI, 5 
mM magnesium acetate) containing 100 pg/ml cycloheximide. 
The mixtures were loaded onto 12-50% isokinetic sucrose 
gradients in gradient buffer and centnfuged for 2 h at 36000 
rpm in a Beckman SW 41 rotor. The direction of sedimentation 
is from left to nght. 


comitantly with these changes the peak in the 60 S 
region, probably mainly representing native 60 S 
subunits, had begun to dwindle (Fig. 3). 

As to the nature of the humps, the s values 
suggested that they might be caused by the bind- 


TABLE II 


TRANSLATION RATE AND POLYSOME CONTENT OF 
A RETICULOCYTE LYSATE TO WHICH INCREASING 
AMOUNTS OF 40 S SUBUNITS WERE ADDED 


The data in the table are derived from Figs. 2 and 3. The 
[S]methionine incorporation and polysome content are ex- 
pressed as percentages of the controls (??S]Methionine in- 
corporation and polysome content of lysate incubated in the 
absence of derived 40 S served as controls. 











Added 40S  [*S]Methionine incorporation | Polysomes 
as % of (% of control) (% of control 
cycling 40 S 
- 100 100 
40 90 92.1 
80 78.6 76.9 
160 54 2 49.6 
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ing of 40 S subunits, possibly as preinitiation 
complexes, to polysomes. We checked for extra 40 
S subunits in these polysomes by collecting di-, tri- 
and tetrasomes with humps and concentrating 
them by centrifugation. The mRNA was destroyed 
by limited digestion with RNAase and the material 
was analyzed on 12-50% sucrose gradients. А 
small 40 S peak could be detected beside a huge 80 
S peak (not shown). This 40 S peak was not 
present in the gradients when (as a control) poly- 
somes free of humps were subjected to the same 
analysis. 

Having ascertained that 40 S particles were 
involved, we considered the nature of their binding 
to mRNP; were they properly bound as parts of 
preinitiation complexes or were they only associ- 
ated with message in a nonspecific manner? The 
fact that humps survive centrifugation in sucrose 
gradients containing 100 mM KCl, 5 mM mag- 
nesium acetate and 50 mM Tris-HCl points at 
their stability and argues for specific 40 S subunit 
binding. The following experiment supports our 
conclusion; it shows that protein synthesis is a 
prerequisite for hump formation. We set a com- 
plete translation block with 5-1074 M aniso- 
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Fig. 4. Effect of the elongation inhibitor anisomycin on the 
appearance of humps in the polysome profile of a translating 
cell-free system contamung exogenous 40 S subunits. Incuba- 
tion іп a final volume of 100 pl was for 6 min at 30°C without 
addition of exogenous 40 S subunits (A); with 0 14 А0 of 40 $ 
subunits (B); with 014 А, of 40 S subunits+5-107* M 
anisomycin (C), with 5-107% M anisomycin but without exoge- 
nous 40 S subunits (D) The reaction was stopped with 200 pl 
cold gradient buffer containing 100 pg/ml cycloheximide. The 
mixtures were loaded onto 12-50% 1sokinetic sucrose gradients 
in gradient buffer and centrifuged for 2 h at 36000 rpm in a 
Beckman SW 41 rotor. Direction of sedimentation is from left 


to right 
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тусіп, an inhibitor of elongation, before we added 
40 S subunits to the lysate. Humps were barely 
detectable, although in the control assays which 
lacked anisomycin but received the same dose of 
exogenous 40 S subunits humps showed up im- 
pressively (Fig. 4). Had hump formation been due 
to non-specific binding to mRNA of the naked 40 
S subunits, we would have expected to find hump 
formation independently of whether protein 
synthesis was blocked or not. 

The foregoing experiments indicate that the 
humps represent preinitiation complexes. but they 
do not allow us to comment on whether these 
complexes are competent for the last assembly 
reaction, i.e. 60 S subunit binding. If they simply 
owed their longevity to the shortage of 60 S par- 
ticles (we have shown above that appearance of 
humps coincided with dwindling of 60 S subunits 
(Fig. 3)) they should vanish upon addition of 
exogenous 60 S subunits. A reticulocyte lysate was 
incubated with derived 40 S subunits for 4 min at 
30?C, which led to the appearance of humps (Fig. 
5A); derived 60 S subunits were added, and the 
incubation was continued for 1 min. The humps 
were missing when this incubation mixture was 
analyzed on a gradient (Fig. 58). As we found 
later, addition of 60 S at 0°C suffices to make 
humps disappear. 

We wished to demonstrate that really mRNP- 
bound 80 S complexes had formed; this would 
exclude the possibility that 60 S subunits had 
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Fig 5. Effect of addition of 60 S subunits on the humps in the 
polysome profile A reticulocyte lysate (100 p1) was incubated 
with 008 А. of derived 40 S subunits. After 4 min at 30°C 
the reaction was stopped with 10 pl 107^ M anisomycin 
followed by the addition of 3 ші mbosome buffer (A) or 0.2 
А 60 S particles in 3 рі mbosome buffer (В). After ап 
additional minute of incubation, the reaction mixtures were 
diluted with 200 и] cold gradient buffer and centrifuged on 
12-50% isokinetic gradients for 2 h at 36000 rpm in an SW 41 
rotor. The direction of sedimentation is from left to nght. 
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Fig 6 Effect of addition of 60 $ subunits on shoulders іп the 
tetra- and pentasome peak. A reticulocyte lysate was incubated 
for 4 min at 30°C in the presence of 0 08 Ае) of derived 40 S 
subunits ın 100 рі incubation. mixture. This material. was 
centrifuged on 12-50% isokinetic gradients and the tetra- and 
pentasome peaks of several gradients were collected, diluted 
2-fold with ribosome buffer and concentrated for 10 h at 38000 
rpm in a Ті 50.1 rotor. Pellets were gently resuspended in 
ribosome buffer and left standing on ice for 5 h To one part of 
the resuspended polysomes were added 3 pl ribosome buffer 
and to the other part 0.2 А, of 60 S subunits in 3 pl mbosome 
buffer. The material was then loaded on 12-50% isokinetic 
gradients and centrifuged for 110 min at 36000 rpm in an SW 
41 rotor. The direction of sedimentation is from left to right 


merely been instrumental in somehow removing 
the 40 S subunit from the message. We isolated 
tetra- and pentasomes from a gradient with con- 
Spicuous humps. We concentrated the material by 
centrifugation, resuspended it, added 60 S par- 
ticles to a portion of it and analyzed this portion 
and the 60 S-free control on sucrose gradients. Fig. 
6 shows the profiles. Apparently material from the 
lighter peak was chased into the heavier peak and 
the loss in the tetramer region was only partially 
compensated for by a gain from the small trimer 
peak. One may interpret this observation as show- 
ing that 80 S initiation complexes were generated 
by the binding of naked derived 60 S subunits to 
preinitiation complexes. 

Since naked 60 S subunits sufficed to convert 
[40 S - polysomal] complexes into [80 S - polysomal] 
complexes, the most likely explanation is that eIF-5 
had already interacted with the [40 S · polysomal] 
complex to release eIF-2 and eIF-3 [11]. 


Discussion 


Derived 40 S subunits added to a cell-free trans- 
lation system interfered with the process of protein 
synthesis in a dose-dependent manner. Two de- 
grees of severity of this interference could be dis- 
tinguished. (A) At low doses of exogenous 40 S 


particles translation was sustained at а normal 
rate, but the following changes occurred in the 
ribosome profile: the pool of native 60 S subunits 
dwindled and humps appeared on the leading 
edges of the polysome peaks. (B) At higher doses 
of exogenous 40 S particles, translation rates de- 
teriorated and the amounts of polysomes de- 
creased correspondingly, which identifies initiation 
as the inhibited process and rules out elongation. 


The mechanism leading to shortage of native 60 S 
subunits 

Purified 40 8/60 S subunit couples are known 
to dissociate readily when exposed to KCl con- 
centrations of 500 mM and higher [12]. The sub- 
particles reassociate upon return to physiological 
ion concentrations. It is likely that this association 
reaction can also occur in actively translating 
lysates. Both reaction partners may have to Бе 
naked. The exogenous 40 S particles were added in 
this state. Cycling 60 S particles may pass through 
the state of nakedness upon completion of a 
peptide chain (run-off particles) and before be- 
coming complexed with anti-association factor 
[13,14]. As a result of the association with 40 S 
subunits, the 60 S subunits will enter the pool of 
mRNA-free 80 S ribosomes (note the increase in 
the monosome peak in Fig. 3E and F). The follow- 
ing observation is consistent with the proposed 
mechanism, which regards subunit cycling as a 
prerequisite for the depletion of the pool of native 
60 S subunits. The depletion was not observed 
when the effect of exogenous 40 S subunits was 
studied at low (4?C) instead of normal (30°С) 
incubation temperature. 


The effect of the shortage of native 60 S subunits on 
the hfe span of mRNA-bound preinitiation com- 
plexes and on protein synthesis 

Situation A, Due to the shortage of 60 S par- 
ticles the [40 S · polysomal] complexes will have to 
wait longer than normal for a 60 S partner. This 
means that the rate of consumption of these com- 
plexes is, temporarily, reduced, while the rate of 
formation remains normal (if it 1s not even slightly 
increased, temporarily, due to the abundance of 
functional 40 S subunits). Since influx of 40 S 
subunits into the pool of messenger-bound 40 S 
subunits exceeds efflux, the pool size will grow. As 
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the [40 S-polysomal complexes] become more 
numerous the chances of run-off 60 S particles 
hitting such a complex improve. (This implies that 
60 S subunits can bypass the native state). The 
growth of the pool of [40 S - polysomal] complexes 
comes to a stop when the rate of engagement of 60 
S particles is back to normal. Thus under steady- 
state conditions the rates of initiation and of pro- 
tein synthesis will be normal, only the pool of [40 
S · polysomal] complexes will have expanded, 
which 1s what we see. 

Situation B. If the dose of exogenous 40 S 
particles is increased further, their competition for 
run-off 60 S becomes more severe and the delay of 
each individual [40 S: polysomal] complex will 
increase correspondingly. The pool size of these 
complexes, however, cannot grow indefinitely, 
since the number of AUG-initiation codons to 
which these complexes are bound 15 limited. The 
списа! requirement for the fully adaptive growth 
of the pool was that the formation rate of [40 
5 · polysomal] complexes be normal. This condi- 
tion is no longer fulfilled, perhaps for the simple 
reason that too many initiation codons are blocked 
by the lingering 40 S subunits. Thus the utilization 
of these complexes has become the rate-limiting 
step for the whole translation process. 


Shoulders at undisturbed subunit stoichiometry 

Shoulders have been observed in ribosome pro- 
files after incubation of reticulocyte lysates with 
NaF [15-17]. The inhibitor prevents the 60 $ 
subunit from binding to the preinitiation complex. 
After removal of the inhibitor 80 S complexes can 
be formed [16]. 

Shoulders on di-, tri- and tetrasome peaks, com- 
parable with those described here, can be found 
elsewhere in the literature [18,19] but have not 
been discussed by the authors. In the work cited in 
the appearance of shoulders was not accompanied 
by a disappearance of the native 60 S peak, which 
suggests that mechanisms other than those de- 
scribed here were responsible for the effects. The 
ease with which humps can be generated if one 
interferes with subparticle stoichiometry and, on 
the other hand, their rareness in unmanipulated 
lysates indicate that a number of steps of protein 
synthesis are delicately balanced in unmanipulated 
lysates. 
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Significance of the system for the study of 56 phos- 
phorylation 

From the results presented here it is evident 
that only small doses of 40 S subunits which do 
not disturb the stoichiometric balance of the lysate 
should be added for analysis. This approach will 
allow us to test the postulate of Duncan and 
McConkey that highly phosphorylated 40 S are 
preferentially engaged in translation [3]. Because 
the reticulocyte lysate does not tolerate high doses 
of 40 S subunits, effects of phosphorylation on 
overall translation rate cannot be analyzed. 
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A simple procedure is described for the preparation from nuclei of Drosophila cells of a soluble system which 
directs accurate transcription initiation from Drosophila RNA polymerase II promoters. 


Introduction 


Systems capable of faithful transcription in vitro 
are essential for the identification of transcription 
factors and regulatory molecules required for ex- 
pression of RNA polymerase ЇЇ genes. Three dif- 
ferent in vitro transcription extracts made from 
human cell lines have been described [1-3]. RNA 
polymerase II in vitro transcription systems pre- 
pared from silkworm, chicken and Drosophila cells 
have also been reported [4-7]. Here we report the 
development and optimization of a particularly 
simple and reproducible RNA polymerase П in 
vitro transcription system from Drosophila cells, 
differing in a number of respects, including extrac- 
tion procedure, from that reported by Parker and 
Topol [5]. Also, we describe the effects of varying 
individual parameters of the system on the yield of 
transcript, using a cloned Drosophila tubulin gene 
as template. 


* To whom correspondence should be sent at (present address). 
Department of Basic and Clinical Research, Scripps Clinic 
and Research Foundation, 10666 North Torrey Pines Road, 
La Jolla, CA 92037, U.S.A. 

Abbreviation PMSF, phenylmethylsulfonyl fluoride 


Methods 


Preparation of nuclear extract 

The cell line used was the К line of Echalier 
adapted by him to growth without serum [8]. It 
was obtained from P. Cherbas, designated Кс0% 
[9]. Soluble extracts were prepared from nuclei 
using modifications of the procedure described by 
Dignam et al. for HeLa cells [1]. The cells were 
grown at 25°C in suspension culture in D-22 
medium without serum [8]. Extracts were prepared 
from batches of cells (1-4 litres) with a density of 
(3—6)- 10° cells/ml. All operations were done at 
0--4°С. Cells were harvested from culture by 
centrifugation for 10 min at 2000 rpm in a Sorvall 
GS3 rotor (675 хр). Pelleted cells were washed 
once in 40-80 ті of 10 mM sodium phosphate 
(pH 6.8), 0.14 M NaCl, 1.5 mM MgCl, by suspen- 
sion and recentrifugation for 5 min at 3200 rpm in 
a model CL International Clinical Centrifuge 
(1600 x g). The cell pellet was suspended in 5 vol. 
of hypotonic buffer (10 mM Hepes-NaOH (pH 
7.5), 10 mM КС, 1.5 mM MgCl,, 0.5 mM di- 
thiothreitol, 0.5 mM PMSF) and allowed to stand 
for 10 min. Cells were collected by centrifugation 
for 5 min at 3200 rpm in the clinical centrifuge, 
suspended in 2 vol. of hypotonic buffer and lysed 
by 10—15 strokes of an all-glass Dounce Homo- 
geniser (A-type pestle). Cell lysis was more than 
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90%. Тһе homogenate was centrifuged for 10 min 
at 5000 rpm in a Sorval SS34 rotor (3000 x g) and 
the supernatant was carefully poured off to leave a 
loose nuclear pellet. This was recentrifuged for 20 
min at 15000 rpm in the SS34 rotor (27000 х 2) 
and the supernatant was decanted. The pellet was 
resuspended in an equal volume of nuclear extrac- 
tion buffer (20 mM Hepes-NaOH (pH 7.6), 25% 
(v/v) glycerol, 0.3 M пасі, 1.5 mM MgCl,, 0.2 
mM EDTA, 0.5 dithiothreitol, 0.5 mM PMSF), 
and the nuclei were lysed with 10 strokes of the 
homogeniser. The lysate was rocked gently on a 
shaking platform if the volume was less than 2 ml 
and stirred gently with a magnetic stirring bar 
when the total volume was larger. Either proce- 
dure was performed for 30 min and then the lysate 
was centrifuged for 30 min at 15000 rpm ın the 
SS34 rotor. The supernatant was decanted and 
dialysed for 5 h against 50 vol. of 20 mM Hepes- 
NaOH (pH 7.6), 20% (v/v) glycerol, 100 mM КСІ, 
0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM 
PMSF. The dialysate was clarified by centrifuga- 
tion for 20 min at 15000 rpm in the Sorvall SS34 
rotor and the supernatant was frozen in aliquots in 
liquid N, and stored at — 80°C. 


In vitro transcription analysis 

Standard reaction mixtures (25 wl) were made 
up by combining the following: 10 ul of 20 mM 
Hepes-NaOH (pH 7.6), 20% (v/v) glycerol, 70 
mM КС, 0.2 mM EDTA, 0.5 mM dithiothreitol, 
0.5 mM PMSF; 5 pl of 2.5 mM ATP, 2.5 mM 
СТР, 2.5 mM GTP, 125 uM UTP containing 10 
в Ci [a-? PJUTP; 4 pl of 5 mM Tris-HCl (pH 7.5), 
1 mM EDTA containing 200—300 pg of template 
DNA and 1 pl of 0.1 M MgCl,. Transcription 
reactions were initiated by adding 5 ul of nuclear 
extract (30—50 ug protein) and were incubated at 
20?C for 90 min. The reactions were stopped by 
adding 375 ul 0.3 M ammonium acetate, 0.1% 
SDS, 25 ug/ml tRNA and were extracted with an 
equal volume of phenol/chloroform/isoamyl al- 
cohol (25:24:1, v/v). After precipitation with 2 
vol. of ethanol, the RNA was glyoxalated and 
analysed by gel electrophoresis in 1.595 agarose 
[10]. Gels were then dried and autoradiographed 
for 2~24 h. Transcription products were quantified 
by densitometry or by cutting out the band repre- 
senting the specific transcript from the dried gel 


and counting it in Aquasol scintillation fluid (New 
England Nuclear) Background corrections were 
made by using counts from adjacent gel segments. 
Stable transcription complex formation was as- 
sayed by preincubating the nuclear extract with 
the first DNA template for 30 min at 20?C. The 
second DNA template was then added and the 
preincubation continued for 30 min at 20°С. Tran- 
scription was initiated by addition of ribonucleo- 
side triphosphates and RNA synthesis was allowed 
to proceed for 30 min at 20?C. 


DNA utilized 

The plasmids containing genes cloned from D. 
melanogaster used as templates in in vitro tran- 
scription assays were pDmTol (tubulin), DmA4 
(actin) and pPW229 (hsp70) [11,12,13]. Templates 
were prepared by cleavage with the indicated re- 
striction enzyme and purified by phenol extraction 
and ethanol precipitation. 


S, nuclease analysis | 

S, nuclease mapping was done as described by 
Merlino et al. [4]. In vitro synthesized RNA was 
prepared from a standard in vitro transcription 
reaction except that [a-?? PJUTP was omitted, the 
UTP concentration was 500 uM and the reaction 
was scaled up 2.5-times. Non-heat-shock RNA 
was prepared from Oregon R embryos by the 
method of Maniatis et al. [14]. Heat-shock RNA 
(kindly provided by R. Cohen) was prepared from 
adults according to Cohen and Meselson [15]. The 
5'-end-labelled fragments used in the S, nuclease 
protection analysis were а 1.8 kb PsrI/ Xmnl frag- 
ment of pDmTal DNA labelled at the Xmnl site, 
а 306 bp Hpall/HincII fragment of DnA4 DNA 
labelled at the НіпсіП site and а 649 bp 
Xhol/ Хтаї fragment of pPW229 DNA labelled 
at the ХтаШ site. The sizes of the S, nuclease- 
protected fragments predicted from sequence data 
are 116, 121 and 462 bases, respectively (Wensink, 
Р.С., Fyrberg, E.A., personal communications, and 
Ref. 16, respectively). Protected fragments were 
glyoxalated and analysed by gel electrophoresis in 
5% polyacrylamide. 


Results and Discussion 


Products of the in vitro transcription system 
Run-off assays were performed to assess the 


fidelity of the transcription system for various 
templates. Table I lists some of the templates used 
and izes of the predicted run-off products; exam- 
ples of the transcripts produced from them are 
shown in Fig. 1. In each case the run-off transcrip- 
tion product is the predicted size, showing that 
transcription occurs from the coding strand and is 
initiated at or close to the in vitro start site. 
Addition of 1 ug/ml a-amanitin is completely 
inhibitory, as expected for transcription by RNA 
polymerase П [17]. To determine more precisely 
whether in vitro initiztion occurred at the correct 
site, the іп vitro RNAs were compared by S, 
nuclease protection mapping with the correspond- 
ing RNAs made in vivo. It may be seen in Fig. 2 
that both the in vivo and in vitro RNAs protect 
fragments of the same size, showing that transcrip- 
tion in vitro starts at cr within a few nucleotide sof 
the correct initiation s te. 


Optimization of the system 

The optimum NaCl concentration for the 
nuclear extraction step was determined by lysing 
nuclei in an equal volume of nuclear extraction 
buffer containing 0.2, 0.3, 0.4, 0.5 and 0.6 M 
NaCl. Transcription assays were performed using 
pDmTal DNA/Pstl. As shown in Fig. 3, all ex- 
tracts were active. Maximum activity was observed 
with 0.3-0.4 M МаС. Extracts made with buffer 
containing 0.3 M NaCl were stable for at least 9 
months at — 80°С. 

In order to determine optimum parameters for 


TABLE I 
TEMPLATE USED FOR TRANSCRIPTION ASSAYS 


Based on unpublished sequence and restriction data from 
Wensink, P.C. and Ғугһеге, E.A. (personal communications) 
and on Ref. 16. 





Plasmid DNA Restriction Predicted size of run-off 
enzvme transcript (nucleotides) 
cleavage site 

(a) pDmTal Xbal 330 

(tubulin) Реті 1020 
(b) DmA4 Hindlll 500 
(actin) Psil 800 
(c) pPW229 Аға! 590 
(hsp 70) Ват HI 1260 
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Fig. 1. Gel electrophoretic analysis ol run-off transcripts 
synthesized Бу Drosophila. nuclear extracts Markers (M) are а 
mixture of the following glyoxalated 2р end-labelled pBR322 
DNA restriction enzyme digests: BamHI. Hincll, Ниси + 
Aval and НтИ. Templates used in standard in vitro transcrip- 
tion reactions: pDmTal DNA / X^al (lanes | and 2) pDmTal 
DNA /Psil (lanes 3 and 4): pPW229 DNA Аға! (lanes 5 and 
б); pPW229 DNA/BamHI (lanes 7 and 8); DmA4 
DNA /Hindlll (lanes 9 and 10); DmA4 DNA /Psrl (lanes 11 
and 12). The reaction mixtures analyzed in lanes 2. 4. 6. 8. 10 
and 12 contained 1 pg/ml a-amanitin. 


correctly initiated transcription in vitro, assays 
were performed using pDmTal ОМА/РУТ as 
template. varying one parameter ай а time, as 
depicted in Fig. 4. This defined our standard assay 
conditions for maximum synthesis as 50 mM KCI, 
4 mM MgCl,, 500 uM АТР, СТР and GTP and 
25 ит UTP. 10 pg/ml DNA and pH 7.6 at 20°С. 
Similar results were obtained with different tem- 
plates and with different extract preparations; the 
variation in optimum parameters was not great. If 
maximum efficiency is desired, slight variations in 
the standard conditions should be tested. 


Characterization of the system 

The time course of accumulation of in vitro 
transcripts using pDmTal ОМА / Psi] as template 
under standard conditions is shown in Fig. 5A. 
Synthesis is approximately linear for 50 min after 
a lag period of about 10 min. A similar lag in 
transcription in vitro is seen in the HeLa cell 
system. Evidence has been presented that this re- 
flects the time required for formation of transcrip- 
tion complexes prior to initiation. [18]. То de- 
termine whether the lag period observed here might 
represent the formation of stable transcription 
complexes, a mixed template experiment was per- 
formed. As illustrated in Fig. 5B (lane 1). when 
templates pDmTal DNA/Psrl апа pPW229 
DNA/ BamHlI are preincubated together in a tran- 
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Fig. 2. $, protection analysis of transcripts. (M) Markers are glyoxalated 7 P end-labelled pBR322 DNA digested with Hpall. RNAs 
used were (A) 5 ug OreR embryo КМА (lanes 1 and 4), in vitro ВМА synthesized from pDmTal DNA / Psrl (lanes 2 and 3), in vitro 
RNA synthesized from DmA4/ Апа (lanes 5 and 6). (B) 5 ир ОгеК adult heat-shock RNA (lane 1). in vitro ЕМА synthesized 
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from pPW229 DNA/BamHI (lanes 2 and 3). Lanes 3 and 6 contained 1 ug/ml a-amanitin. DNAs used were (A) 360 ng 
7"p.pDmTal DNA/Pst: Xmnl fragment (lanes 1-3); 60 ng "P-DmA4 DNA Нра11: НтсИ fragment (lanes 4-6). (B) 120 ng 
7 P-pPW229 DNA / Xhol: Xmalll fragment (lanes 1-3). Arrows indicate the position of the protected fragment. The presence of 
some of the 462 nucleotide protected fragment in lane B suggests the presence of endogenous hsp70 RNA in the nuclear extract 
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scription reaction both are transcribed approxi- 

e м шы mately equally. However, as seen in Fig. 5B (lanes 

2 and 3), if either template is preincubated with 

the nuclear extract prior to preincubation with the 

10- second template and subsequent addition of 
ribonucleoside triphosphates, most of the specific 
transcription occurs on the first template. This is 
consistent with the possibility that the formation 


Fig. 3. Run-off transcripts from pDmTal DNA/Psrl with 
extracts prepared from nuclei extracted at different NaCl con- 


Relative Intensity 
о 
сл 





+ Ј centrations. Salt concentrations of the nuclear extraction buffer 
0,3 06 used were 0.2. 0.3, 0.4, 0.5 and 0.6 M (lanes 1-5). Below, the 
Мас), М analysis from densitometer scanning is shown. 
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Fig. 4. Optimization of parameters affecting production of in vitro run-off transcripts using pDmTal DNA /Psrl (A) Effect of DNA 
concentration; 3, 5, 7. 10. 15 and 20 pg/ml (lanes 1-6). (B) Effect of MgCl, concentration; 0, 2. 4. 6. 8 mM (lanes 1-5) (C) Effect of 
КС! concentration; 30, 40, 50. 60, 80. 100 mM (lanes 1-6). (D) Effect of ribonucleoside triphosphate concentration. (UTP 


concentration was maintained at 25 М); 100. 200, 300, 400, 500, 700 uM (lanes 1-6). (E) Effect of pH; 7.0. 7 


7.6. 7.9, 8.2 (lanes 


1-5). (Е) Effect of temperature: 14. 17. 20. 22. 24, 30°C (lanes 1-6). Below, the analysis from densitometer scanning is shown 


of a stable transcription complex is an early step 
in the synthesis of specific RNAs in this Drosophila 
in vitro transcription system. 

Quantitation of synthesis from the tubulin tem- 
plate indicates that under standard reaction condi- 
tions approx. 0.04 transcripts are produced per 
template molecule, similar to that found in human 


cell systems [1.2.3] and the Drosophila system of 
Heiermann and Pong [7] but lower than that re- 
ported by Parker and Topol for their Drosophila 
system [5]. Under standard conditions, accurate 
promotion and synthesis were observed with all 
Drosophila RNA polymerase И templates ex- 
amined. This includes the tubulin, actin and hsp70 
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Fig. 5. Time course of accumulation of in vitro transcripts 
using pDmTal DNA/Psrl. (A) Synthesis of transcript with 
time; 10. 15, 20, 30, 40, 60. 90, 120. 180 min (lanes 1-9). Below, 
the quantitative analysis of this gel is shown. (B) Mixed tem- 
plate experiment. Lane 1. pDmTal DNA/Pstl+pPW229 
DNA / BamHI (8 pg/ml each template) preincubated for 60 
min prior to initiation of synthesis by the addition of ribonuc- 
leoside triphosphates, and further incubation for 30 min under 
standard assay conditions. Lane 2. as lane 1, except that 
pPW229/BamHI was added after pDmTal/Psrl had been 
preincubated for 30 min. The preincubation was continued for 
another 30 min and then RNA synthesis was initiated by the 
addition of ribonucleoside triphosphates. Lane 3, as lane 2, 
except that pPW229/BamHI was preincubated before 
pDmTal /Pstl. Arrows show the position of the expected 1020 
and 1260 nucleotide run-off transcripts. 


genes reported here, cloned in pdmTal, DmA4 
and pPW229, respectively, and two additional 
templates, DmA2 (actin) and р13Х$26 (hsp26) 
(data not shown). In addition, reproducible tran- 
scription from the Drosophila Adh promoters has 
been obtained in another laboratory, using the 
system described here (P. Macdonald, personal 
communication). 

Recently, the characterization of a similar in 
vitro transcription extract from Drosophila em- 
bryos was reported [7]. The parameters affecting 
transcription efficiencies in these two systems are 
very similar. The major advantage of the system 
reported here is the ability to analyze transcription 
using a simple run-off assay rather than by an 
indirect $, nuclease assay. 
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The nucleotide sequence of 4.5 S rRNA from tomato (Lycopersicum esculentum Mill) chloroplasts has been 
40 
determined to be: 5'h9?GAAGGUCACGGCGAGACGAGCCGUUUAUCAUUA CGAUAGGUGUCAAGU- 


GGAAGUGCAGUGAUGUAUGCAGCUGAGGCAUCCUAACAGAUCGGUAGACUUGAACoy:3’. 


The 


4.5 S rRNA is 103 nucleotides long and has a free 5'-terminal hydroxyl group. It shows at high degree of 
homology with chloroplast 4.5 S rRNA from other plants. 


Since being reported by Dyer and Bowman [1] 
and Whitfeld et al. [2], the chloroplast 4.5 $ rRNA 
(the only component associated with the large 
subunit of ribosomes [1—5]) of several higher plants 
has been sequenced [6-11]. We have determined 
the nucleotide sequence of tomato chloroplast 4.5 
S rRNA, and compared it with that of other 4.5 $ 
rRNAs. | 

We purified the chloroplast 4.5 S rRNA prim- 
arily according to the method described by Wilde- 
man and Nazar [6], with some modification. The 
mixture of young leaves of tomato, buffer (50 mM 
sodium acetate (pH 5.0)/0.3% SDS/0.14 М NaCl) 
and phenol was homogenized in a blender in order 
to break the chloroplasts. The homogenate was 
stirred, and centrifuged to remove the debris. The 
aqueous phase was treated as above in the pres- 
ence of 2 M LiCl to remove DNA and other 
high-molecular-weight RNAs and proteins. Then, 
small RNAs were precipitated by 2.5 vol. of ethanol 
and' were again collected and extracted with phe- 
nol Тһе aqueous phase was precipitated by 
ethanol, washed with 70% cold ethanol and 
lyophilized. We obtained the 4.5 S rRNA by using 
8% polyacrylamide/7 M urea gel electrophoresis 
as in Ref. 6. 


. 


Тһе S'-end of the purified 4.5 S rRNA was 
labeled with polynucleotide kinase and [y-? PJATP 
(Amersham), the 3'-end with RNA ligase and [5'- 
?P]pCp [12]. The end-labeled RNA was purified 
as in Ref. 6. 

Both 3'- and 5'-end-labeled 4.5 S rRNAs were 
sequenced using the enzymatic method of Donis- 
Keller et al. [13,14] with the RNAases T,, U,, Phy 
M and В. cereus. Тһе 3'-end-labeled 4.5 S rRNA 
was also sequenced by the chemical method of 
Peattie [15]. The sequence was determined from 
the 5'-end to residue 45 and from residues 102 to 
75 by separating the cleavage products in 20% 
sequencing gel containing 8 M urea. The sequence 
from residue 40 to 80 was determined in 12% gel. 

The 5'- and 3'-terminal residues were respec- 
tively identified by PEI-cellulose thin-layer chro- 
matography after complete digestion of the end- 
labeled RNA with RNAase T3. On overlapping 
the autoradiographs from the above-mentioned ex- 
periments information on residues 1 to 103 was 
obtained. The complete nucleotide sequence is 
shown in Fig. 1. 

The 4.5 S rRNA consists of 103 nucleotides and 
the GC content is 50%. The 5'-terminus is unphos- 
phorylated. The homology comparison of known 
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ТАВЕЕ 1 


THE HOMOLOGY COMPARISON OF THE 4.5 S rRNAs WHOSE NUCLEOTIDE SEQUENCES ARE KNOWN 


Figures represent percent homology. 











Species L esc N. Tab S Ole S. Oh D acu T aes Z. Mays Refs. 
Lycopersicum esculentum (tomato) 99.0 934 92.2 86.4 81.7 81.6 

Nicotiana tabacum (tobacco) 99.0 94.3 93.2 87.3 81.7 81.6 7 
Spinacia oleracea (spinach) 934 94.3 90 6 84.9 794 792 9 
Spirodela oligorrhiza " 92.2 93.2 90.6 91.2 82.7 82.5 11 

D. acuminata (а fern) 86.4 87.3 84.9 91.2 76.9 77.6 10 
Triticum aestivum (wheat) 81.7 817 79.4 827 76.9 980 6 
Zea mays (тае) 81.6 81.6 792 82.5 77.6 98.0 8 





a The sequence of S. oligorrhiza chloroplast 4.5 $ rRNA was deduced from its DNA sequence, determined Бу Keus et al. [11]. 


4.5 S RNAs (Table I) shows that the closer the 
taxonomic affinity, the higher the degree of ho- 
mology; the nucleotide sequences are conserved 
strongly. Completely conserved nucleotides 
account for 73% of these 4.5 $ rRNAs. The seven- 
nucleotide sequence from positions 28 to 34 is 
noteworthy. It is present in 4.5 S rRNAs of di- 
cotyledonous tomato, tobacco [7] and spinach [9], 
and pteridophyte D. acuminata [10]. It is also 
present in 45 $ rRNAs of monocotyledon 
Spirodela oligorrhiza [11] and duckweed (in the 
RNAase T, fingerprint of 4.5 S rRNA from 
duckweed made by Bowman and Dyer [5], frag- 
ment 20 сап be seen to be UUUAUCAUUACG, 
which contains the characteristic sequence UCAU- 
UAC). However, this seven-nucleotide sequence is 
absent in monocotyledon wheat [6] and maize [8]. 
Keus et al. [11] considered that the deletion of this 
fragment must have taken place after the evolu- 
tionary separation of dicotyledon and mono- 
cotyledon. It might play a particular structural or 
functional role in one group of ribosomes [16]. 

In Fig. 1, the nucleotide sequence of tomato 4.5 
5 rRNA is compared with that of the E. coli 
3'-terminal region 23 S rRNA, essentially accord- 


2805 

E colt 23S rRNA AAGGAA- UUGHAGACGAR 

Tomato 4.55 rRNA  |GAAGGUC I -AGACGA|- 
HO 


ing to the alignment of Edwards and Kóssel [17]. 
The degree of homology between them is 60%. The 
structural homology suggests that there is some 
functional homology and relationship between the 
4.5 5 rRNA and the 3'-terminal region of pro- 
karyotic 23 S rRNA [11,18]. 

The presence of an unphosphorylated 5'-end is 
a common characteristic of chloroplast 4.5 S rRNA 
[1—11]. It suggests that the post-transcriptional 
process of 4.5 S rRNA might differ from that of 
other RNAs in chloroplasts. 

On analysing the autoradiographs, we found 
that two regions, from Аҙ to C,, and from С, to 
U,,, form a hairpin structure. А ,—C,; and G45-U,, 
form a double helix by base-pairing and the frag- 
ment between them forms a hairpin-loop. The 
hairpin structure fits well into secondary structure 
models described by Takaiwa and Sugiura [7], 
Kumagai et al. [16], and Machatt et al. [18]. 

The possible secondary structure of the 4.5 S 
rRNA of tomato (Fig. 2) is deduced mainly 
according to the base-pairing principle. The calcu- 
lated free energy release value [19] for this struc- 
ture is С= —108.4 kJ/mol. The value for the 
Machatt model is G = —101.7 kJ/mol. Helix П of 


GUU--------- AUAGGCCGGGUISUG 
GUUUAUCAUUACIGAUAGGUGUCA AIGU GI3A 


1 2901 
СОСАСКБА GUIUG-AGC дА с --Силлис A UU-AACICUUL. | 3 
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Fig. 1. Comparison of tomato chloroplast 4 5 S rRNA with 3'-terminal region of Е сой 23 S rRNA. 
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Fig. 2. The secondary structure of tomato chloroplast 45 S 
rRNA 


the Kumagai model [16] is not suitable for tomato 
4.5 S rRNA. 
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The cell cycle of a growing cell 15 the period between 
the formation of the cell by the dwision of its mother 
cell and the time when the cell itself divides to form 
two daughters. It is a fundamental unit of time at 
the cellular level since it defines the life cycle of a 
cell. 


J.M. Mitchison [1] 
I. Introduction 


- The years since Howard and Рас [2] introduced 
the concept of the (deterministic) ‘cell cycle’ have 
witnessed a plethora of investigations into the 
temporal organization of cell division in a wide 
range of cell types [3]. These studies have revealed 
that control of vertebrate cell proliferation is 
principally accomplished in the G, phase of the 
cell cycle, although regulation may occur at other 
points in the cycle also. G, is the period of 
typically 5-10 h between mitosis and the initiation 
of DNA synthesis; however, exceptional cell lines 
(e.g. Chinese hamster V79-8) have a very short G, 
phase (approx. 30 min) [4]. 

The study of cell cycle-regulated genes (i.e. 
genes that show variable expression during the cell 
cycle) has become an important and burgeoning 
field in modern biology. Not only are such genes 
intrinsically important, since they identify func- 
tions that may enable us to understand better the 
mechanics of cell replication, but also they are 
interesting substrates for those wishing to unlock 
secrets of gene expression in eukaryotes. Eventu- 
ally, гот an elucidation of the functions and 
modes of regulation of these genes, a coherent 
picture will emerge of how cell proliferation is 
controlled. 

Consistent with the fact that eukaryotic repli- 
cation is restricted to a particular period in inter- 
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phase is the observation that proteins required for 
DNA replication, such as histones ‘and the en- 
zymes of nucleotide metabolism, are produced іп 
a cell cycle-dependent fashion. The genes encod- 
ing some of these proteins have now been cloned, 
allowing us to address questions about their regu- 
lation at the molecular level. Complementary re- 
search has identified other genes that also possess 
the characteristic of cell cycle-dependent expres- 
sion, but whose functions are as yet obscure. Ап 
exciting development has been the overlap of the 
oncogene field with cell cycle studies; certain cel- 
lular proto-oncogenes are expressed transiently 
when quiescent mammalian cells are stimulated by 
growth factors and some oncogenes have homolo- 
gies with growth factors, or growth factor recep- 
tors. Much of this 1nformation has been acquired 
since 1981, when an excellent and exhaustive re- 
view of gene expression during the cell cycle ap- 
peared [5]. The major airn of the present work is 
to review the research with mammalian cells that 
has been published between then and late 1985. 
We regard Go, alternatively called resting phase, 
quiescence, or, in the probabilistic model of cell 
cycle kinetics, Q-state, as an integral part of the 
cell cycle [6-8]. Fig. 1 illustrates three ways of 
conceptualizing the cell cycle. Further details may 
be found in the legend and the papers by Brooks 
et al. [8,9]. We leave it to the reader to consider 
the merits of probabilistic and deterministic mod- 
els. . | 
Genes whose expression is induced when 
quiescent mammalian cells are stimulated to re- 
enter tbe division pathway are classified as 'cell 
cycle-regulated' genes. This policy has been advoc- 
ated for such genes by Baserga [10], following the 
paradigm of the yeast cell division cycle (CDC) 
genes [11]. By ‘induction of expression’ we mean 
the appearance of the gene product (mRNA, or 





Fig 1 Schematic representations of the таттайап cell cycle 
The inner acentric ring 1$ the conventional. model first. pro- 
posed іп detail by Howard and Pelc |2) Mitosis (M) and the 
DNA synthesis phase (S) are observable processes, G, and G, 
are defined as the gaps between M and S as illustrated. Со 15 a 
less well-defined state that cells are considered to be in when 
they are apparently not ‘cycling’ but still capable of entering 
the cell cycle (usually to G,) under appropriate conditions 
Peripheral blood lymphocytes, quiescent serum-deprived cells, 
and quiescent confluent cells are considered to be in Go The 
inner and outer concentric rings represent respectively the 
models of Smith. апа Martin [7] апа Brooks et al. [8] that 
invoke one or two random transition events Ка is the transi- 
tion from A phase to either the B state [7] or the Q state [8]. A 
phase, like ‘Gh is of indeterminate length and sensitive to 
external conditions B state is of determinate length largely 
congruent with S+G, +M Kg 18 a second stochastic event 
marking the initiation of a process called L [8] It is important 
to appreciate that L can take place at almost any stage in the 
‘normal’ cell cycle, it is synchronized only when quiescent cells 
are stimulated to enter the cycle and may involve the matura- 
tion of the mitotic centers [8]. These pictorial representations 
do not do justice to the underlying concepts, and the reader 1s 
urged to consult the primary sources 


the protein, in the cytoplasm). We expect that a 
subset of those genes whose expression is en- 
hanced when quiescent cells are stimulated to 
enter the cell cycle will also.be found to be prefer- 
entially expressed during the G, period in nor- 
mally cycling cells. It should be appfeciated that 
several ‘depths’ of G, exist, possibly related to the 
extent of loss of the capacity for protein synthesis, 
and that results may depend on precisely how the 
quiescent state has been achieved [12]. 

In writing this review we have sought to organize 
the available information on the growing number 
of known mammalian cell cycle genes. Some of 
them are of prime importance in controlling cell 
proliferation. The major focus is on studies done 
with rodent or primate-fibroblast lines, though we 
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have included some material on avian cells and 
cells of lymphoid origin. 


II. Proto-oncogenes and growth control 


The functions of most proto-oncogenes have 
yet to be established, although the unifying theme 
underlying many investigations is that these genes 


| exert a controlling influence оп the molecular 


events that enable cells to proliferate [13-15]. The 
evidence in support of this concept may be sum- 
marized as follows: (i) the recombinant forms of 
cellular proto-oncogenes present in acutely trans- 
forming retroviruses act as dominant replication- 
stimulating’ agents; (i1) evolutionary conservation 
suggests essential and fundamental roles for these 
genes in normal cellular metabolism; (iii) numer- 
ous studies correlate neoplasia with perturbations 
of the proto-oncogenes (including translocations, 
gene amplification, DNA methylation changes and 
point mutations); (iv) differential expression of 
some proto-oncogenes during embryonic develop- 
ment and tissue repair or remodeling implicates 
them in proliferative processes; (v) there are very 
significant homologies between proteins encoded 
by certain viral oncogenes and normal cellular 
growth factors or receptors for growth factors. 

Evidence has been accumulating in favour of 
the hypothesis that at least some proto-oncogenes 
exert their growth control by regulating processes 
that directly mediate transit through the normal 
cell cycle [13-16]. At least five proto-oncogenes 
(c-myc, c-fos, c-ras, c-myb, and p53) have char- 
acteristics of such putative controlling genes. For 
example, expression is enhanced in proliferating 
cells, and possibly is restricted to the period (or a 
part thereof) leading ир to the onset of DNA 
synthesis. 


IIA. c-myc 


The c-myc proto-oncogene is the cellular coun- 
terpart of the transduced v-myc oncogene found in 
several avian retroviruses and in feline leukemia 
virus [17]. The gene is transcribed at a low level in 
most normal cell types into а 2.2-2.4-kb mRNA 
encoding two related nuclear phosphoproteins 
around M, 65000. Experiments employing quies- 
cent lymphocyte or fibroblast populations stimu- 
lated with serum or appropriate mitogens revealed 
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that the level of с-тус transcripts in cytoplasmic 
poly(A) mRNA was modulated in response to 
these proliferative stimuli. The relative abundance 
of c-myc mRNA was low in both confluent and 
serum-starved cells, but rose 20—40-fold 3 h after 
mitogen stimulation [18,19]. There was some in- 
crease in c-myc transcription after stimulation, but 
the large increase in the cytoplasmic abundance of 
с-тус mRNA appeared to be achieved through 
post-transcriptional regulation [20,21]. 

Direct tests of the c-myc gene function as an 
intracellular mediator of the mitogenic response in 
Су cells have been reported. Expression of the 
тус gene under control of the hydrocortisone-in- 
ducible MMTV promoter diminished the require- 
ment for PDGF [22], and microinjected с-тус 
could substantially substitute for PDGF in coop- 
erating with platelet-poor plasma to stimulate 
DNA replication [22a]. That the full mitogenic 
response was not obtained, even with hydrocorti- 
sone-induced c-myc mRNA levels higher than 
those found in the parental cells stimulated with 
PDGF, suggested that the c-myc gene product was 
co-ordinated in its actions with other gene prod- 
ucts required for the induction of the competent 
state by PDGF. | 

In contrast to the rapid increase Іп c-myc 
mRNA levels when quiescent fibroblasts re-enter 
the cell cycle, the levels of this transcript and its 
protein product do not vary greatly throughout 
the G,, S and G, + M phases in normally cycling 
cells. When non-synchronized populations were 
separated into subpopulations of different size 
and DNA content by counterflow centrifugation 
(elutriation) or were treated with inhibitors to 
arrest cells in various stages of the cell cycle, 
c-myc mRNA was observed to vary no more than 
2-fold іп each cell cycle compartment [23-25]. De 
novo synthesis occurred at each stage, and the 
20-30-min turnover times of both protein and 
mRNA appeared invariant [25-27]. These studies 
revealed that c-myc protein rapidly accumulated 
during the Су to С, transition, and that usually it 
was continually expressed thereafter during fur- 
ther proliferation, presumably in response to the 
continued stimulation by growth factors. One 
exception may be in erythroleukemia cells induced 
to differentiate; here c-myc expression occurred 
primarily in G, [24]. 


Consistent with a role in cellular proliferation 
is the reduced c-myc transcript level that accom- 
panies differentiation (with the cessation of cell 
division) induced by a number of chemicals or 
protein factors in the HL60 promyelocytic human 
leukemia cell line and mouse erythroleukemia or 
myeloid leukemia cells [24,28—30]. However, the 
reduced levels in HL60 cells appeared more related 
to the differentiation process than to inhibition of 
proliferation [30a]. In the HL60 cells, which have 
an amplified c-myc locus, the loss of an S, 
nuclease-sensitive site upstream of the first exon 
correlated with a decrease in the transcriptional 
activity of the gene [30b]. Growth inhibition after 
interferon treatment was also associated with 
reduced с-тус mRNA levles [31]. The short half- 
life of the message [32], possibly mediated by 
sequences in the first exon of the gene [33,34], may 
play a significant role in post-transcriptional regu- 
lation after interferon treatment [35]; however, 
transcriptional regulation has been detected after 
exposure of Daudi Burkitt’s lymphoma cells to 
interferon [36]. Inhibition of protein synthesis in 
norma! bursal lymphoma cells stabilized the c-myc 
mRNA, perhaps by uncoupling a degradative pro- 
cess triggered to begin upon completion of trans- 
lation of the message [37]. Future studies must 
assess quantitatively the relative importance of 
transcriptional and post-transcriptional modes of 
regulation, both with respect to timing and the cell 
type (there is considerable variation, cf. Refs. 32 
and 36) and under a variety of conditions known 
to alter c-myc mRNA levels. 

Recent models of c-myc gene regulation have 
held that the c-myc protein is involved either 
directly or indirectly in a negative feed-back 
mechanism acting on its own transcription or al- 
ternatively on the stability of the transcript 
[38—41]. Such models are based on the observation 
that in mouse plasmacytomas and human Burkitt's 
lymphoma cell lines often only the translocated 
(often truncated) form of the с-тус gene is tran- 
scribed, usually in a constitutive and elevated 
manner. In the presence of the abnormal allele, a 
trans-acting negative regulatory element, possibly 
the c-myc protein itself, or a protein influenced by 
it, is thought to interact with transcriptional con- 
trol sequences in the normal gene or with the 
transcript of the normal allele, suppressing expres- 


sion of the normal allele. However, it has been 
argued that at the stage of B-cell differentiation 
represented by Burkitt’s lymphoma cells c-myc 
gene expression is normally suppressed [42]. Ex- 
perimental support for negative regulation of c-myc 


transcription by its own product has been pro- 


vided by studies noting the absence of c-myc ex- 
pression in haematopoietic cells or fibroblasts in- 
fected with v-myc constructs [43]. In this case, 
у-тус MRNA levels were up to 100-fold higher 
than the normal c-myc levels. It is possible that 
the greatly increased level of v-myc product 
activated a negative control region mapped by 
DNAase I hypersensitivity about 2 kb upstream of 
the transcript start site for human c-myc [44]. In 
murine cells, however, the hypersensitive sites were 
implicated in expression rather than repression of 
c-myc [45]. 

Studies linking the transient induction of c-myc 
- to reinitiation of growth have been reported for 
regenerating liver [46,47] and stimulated lympho- 
cytes [18,48,49]. c-myc can be regulated at several 
points in the cell cycle of normal lymphocytes by 
substances as diverse as cyclosporin A, inter- 
leukin-2, hydroxyurea and TPA [49]. In exponen- 
tially growing A431 human epidermal carcinoma 
cells, treatment with epidermal growth factor 
(EGF) inhibited proliferation even though c-myc 
mRNA was induced, suggesting that in this case 
at least c-myc induction was not strictly correlated 
with the induction of proliferative activity or with 
the growth state of the cells [50]. The conclusion 
that different cell types may respond in varying 
fashions to growth factor stimulation is reinforced 
by the finding that normal human colon lines, 
which could be stimulated to re-enter the cell cycle 
after a period of little growth, exhibited transien- 
tly elevated levels of the c-myc mRNA [51] rather 
than the constant elevation seen in continuous 
growing fibroblasts [23]. Conflicting associations 
between mitogenesis and c-myc induction would 
be explained if c-myc expression were a common 
response to a diverse group of agents that elicit 
phosphoinositide turnover and protein kinase C 
activation, but not necessarily entrance into the 
cell cycle [49,52]. 
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ПВ. c-fos 


The c-fos product 1s an M, 55000 nuclear 
phosphoprotein (р55%/°°) with unknown function 
and is encoded by the cellular homologue of the 
v-fos gene present in murine FBJ osteosarcoma 
virus. The 2.2-kb c-fos transcript has been esti- 
mated to be maximally expressed at only 0.005% 
(5-10 copies / cell (= 6 pg RNA)) of МІН 3T3 cell 
mRNA [53]. 

In general, the pattern of regulation described 
for c-myc mRNA was also seen for the c-fos 
proto-oncogene. Enhanced expression occurred 
during liver regeneration, and the levels of c-fos 
mRNA and protein increased rapidly after stimu- 
lation of quiescent fibroblasts with serum, TPA or 
growth factors [53-56]. The peak of expression 
was followed by a rapid decay in the levels of both 
mRNA and protein. The appearance of c-fos 
mRNA precedes that of c-myc mRNA and is опе 
of the early nuclear events, occurring only.15 min 
after a proliferative stimulus. Increased ігапѕсгір- 
tion accounted for at least part of the increased 
mRNA level [20]. 

A 56-bp DNA segment approximately 300 bp 
upstream of the human c-fos mRNA cap site 
contains a sequence element with enhancer-like 
properties that is essential for polypeptide mito- 
gen induction of c-fos mRNA levels. In addition, 
sequences at the 3’ end of the gene are required to 
generate the characteritically rapid breakdown 
which follows induction during transient transfec- 
tion assays in fibroblasts [57]. 

As with the c-myc gene, there was no correla- 
tion of c-fos mRNA induction with the (inhibited) 
proliferative capacity. of A431 human epidermal 
carcinoma cells exposed to EGF [50]. Rather, the 
timing of induction appeared to be a primary 
consequence of growth factor-receptor interaction 
and did not, itself, lead to the mitogenic response. 
This view could also apply to c-fos induction 
observed in HL60 cells induced to differentiate 
into macrophages in response to treatment by 
phorbol esters [58,59]. A rapid induction of the 
transcript was followed by a drop in the mRNA 
level, but in this case the lower level persisted for 
up to 5 days after TPA treatment, at which time 
substantial cellular differentiation had taken place. 
с-/05 was not induced during DMSO-induced dif- 
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ferentiation of HL60 cells into granulocytes [59]. 
Rat pheochromocytoma cells induced to differen- 
tiate to neurons by nerve growth factor treatment 
expressed elevated levels of c-fos and actin tran- 
scripts shortly after exposure [60,61]. In each cell 
type; the induction of the c-fos gene may set in 
motion a unique pattern of gene expression. That 
the c-fos product is functionally involved in such a 
cascade was shown by experiments in which 
elevated c-fos expression led to cellular differenti- 
ation following DNA-mediated gene transfer into 
the F9 teratocarcinoma stem cells [62,63]. 

A common feature in the regulation of c-fos-re- 
lated, c-fos and с-тус mRNAs is that the amount 
of mRNA induced was increased when cellular 
protein synthesis was blocked by cycloheximide 
[18,53,55,56,64]. The magnitude of superinduction 
ranged from 3- to 20-fold depending on the gene 
and cell type. These results indicated that the 
elevated expression of these genes was not the 
consequence of the induced expression of a new 
gene. Since inhibition of protein synthesis also 
blocked G, transit [65,66], mRNA superinduction 
is unlikely to be a secondary effect of continued 
growth and DNA synthesis. Superinduction of 

.these transcripts when protein synthesis is in- 
hibited by any of a variety of mechanisms suggests 
a model in which a labile protein(s) regulates the 
abundance of each mRNA; however, mediation 
via other changes induced by protein synthesis 
inhibition should not be ruled out. , 


ТІС. c-ras 


The М, 21000-24000 ras proteins are the 
products of а small family of genes capable, when 
altered, of causing malignancies. The c-ras* and 
с-газН genes are homologues of the oncogenes of 
Kirsten and Harvey murine sarcoma virus, respec- 
tively. Serum induction experiments have im- 
plicated с-лаѕ К in the transition from quiescence 
to proliferation [19], although the approx. 6-fold 
induction of c-ras* mRNA was not as striking as 
that observed for c-myc and c-fos mRNA. These 
studies in cultured cells were mirrored by the 
pattern of с-газН and c-ras* (also c-myc, but not 
C-abl or c-src) gene expression in normal rat liver 
regenerating after partial hepatectomy where sig- 
nificant increases in the levels of c-ras™ and c-ras* 


transcripts were seen to coincide with the peak of 
DNA synthesis induced by this operation [46,67]. 

Direct tests for functional involvement of c-ras 
during serum-induced proliferation have involved 
micro-injection of normal and oncogenic M, 
21000 ras" proteins produced in and purified 
from Escherichia coh [68,69]. Only when large 
amounts of the normal protein were injected into 
fibroblasts did a portion of the cells made quies- 
cent by serum starvation enter the S-phase of the 
cell cycle; much lower amounts of the activated 
ras" oncogene protein were able to initiate a 
round of DNA synthesis. These studies were con- 
firmed by microinjection of monoclonal anti-ras 
antibodies. Inhibition of serum-induced DNA 
synthesis by anti-ras antibody revealed that a 
functional ras protein was required shortly before 
initiation of S phase [70]. A monoclonal antibody 
specific for the mutant form of газ“ protein 
blocked binding of GTP and caused, after micro- 
injection, transient reversion of the transformed 
phenotype [71] In rat pheochromocytoma cells, 
the ras proteins exerted a different biological ef- 
fect, since neuronal differentiation was induced by 
introduction of the activated forms с-ғаз or c- 
ras® [72,73]. 

The exact role of cellular ras proteins in DNA 
synthesis and cell division continues to be a 'sub- 
Ject of speculation, and much attention has focused 
on their high affinity for guanosine nucleotides 
(GTP or GDP) [74,75], associated GTPase activity 
[76,77], and cytoplasmic membrane localization 
possibly due to a post-translational lipid modifica- 
tion [78,79]. The membrane association and GTP- 
binding capacity, as well as sequence homologies, 
of the p21 ras proteins suggest that they may be 
related to the G-proteins responsible for stimula- 
tion and inhibition of adenylate cyclase following 
polypeptide hormone interaction with specific cell 
surface receptors [80,81]. If a similar function can 
be ascribed to the ras proteins, as their ability to 
activate adenylate cyclase in yeast suggests, then 
they may represent a branch point for transduc- 
tion of information across the plasma membrane 
for the regulation of proteins other than adenyl 
cyclase [82,83]. The influence that elevated expres- 
sion of c-ras following growth factor stimulation 
might have on this scenario is unknown. 


ПР. c-myb 


The 4.5-kb transcript from the cellular homo- 
logue of the avian myeloblastosis virus oncogene 
is commonly found in cells of haematopoietic 
lineage [17]. Its occurrence in immature, pro- 
liferating cell populations but not in mature cell 
types suggests that the expression is regulated in 
association with growth and cell division [30,84,85]. 
The appearance of this transcript in mitogen- 
stimulated T lymphocytes has been correlated with 
their entry into S phase [86]. In a recent, well-de- 
fined series of experiments Thompson et al. [86a] 
have shown that in chicken embryo fibroblasts 
and transformed T cells the c-myb mRNA levels 
are regulated post-transcriptionally, in part 
through changes in stability, with maximal levels 
in late G,/S phase of cycling cells; in contrast, 
the high level found in normal thymocytes was 
largely the result of tissue-specific enhanced tran- 
scription. 


ПЕ. p53 


In SV40-transformed mouse cells, virally en- 
coded large T-antigen was found associated with a 
cellular protein with an apparent M, in SDS gels 
of 53000 [87]. We now know that this normally 
short-lived nuclear phosphoprotein is stabilized by 
its association with the viral tumor antigen. The 
level of p53 in cells is often elevated in cells that 
have been transformed by a wide range of viral, 
physical or chemical agents [88—90], and in cells 
that have suffered certain types of DNA damage 
[91]. Evidence has accumulated that suggests that 
p53 plays a role in cell immortalization and trans- 
formation [92—96]. In particular, a transcription- 
ally activated p53 gene can cooperate with 
activated ras oncogenes to transform primary rat 
fibroblasts [92,93,96]. The mRNA is around 2.5 kb 
and encodes a polypeptide of predicted M, 44000 
[96a]. . 

In oncogene complementation systems one 
group of genes, typified by myc and adenovirus 
ЕЛА, is ascribed establishment/ immortalization 
functions [97]. That p53 is a member of this group 
is supported by the observation that it was able to 
immortalize rat chondrocytes that normally 
senesce after 30 doublings [96]. Other evidence 
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suggests that the contribution of p53 to the pro- 
cess of transformation is not synonymous with 
immortalization. Already immortalized cell lines 
(such as Rat-1 cells) can be made highly tumori- 
genic by overexpression of p53, suggesting that 
р53 confers a property in addition to immortaliza- 
tion [95]. Also, p53 genes that have been modified 
by alterations within their coding regions can be 
shown to immortalize cells while failing to cooper- 
ate with an activated ras gene to give ‘full-blown’ 
transformation [98]. Thus, immortalization and ras 
cooperation seem to be separable activities of p53. 

A requirement for p53 during the G, to S phase 
transition, but not for the transit of normally 
cycling cells from mitosis through G, to $ phase, 
can be inferred from the effects of monoclonal 
antibodies directed against p53 on these events 
after microinjection into cells [99,100]. The amount 
of cytoplasmic p53 mRNA (approx. 2-3 kb) and 
the cellular p53 protein level both rose substan- 
tially during the transition from Су to S in serum- 
stimulated Swiss 3T3 cells [101]. However, another 
recent study using Swiss 3T3 cells апа C3H10T1/2 
cells, while confirming that the absolute level of 
p53, protein was several-fold lower in quiescent 
cells compared to exponentially growing cells, also 
revealed that the relative rate of p53 synthesis was 
slightly higher in quiescent cells [102]. The in- 
crease in the absolute amount of p53 protein per 
cell after stimulation was correlated with the in- 
crease in the rate of total protein synthesis. These 
authors suggested that, because p53 expression 
was not selectively shut off in quiescent cells, the 
p53 protein therefore did not have the characteris- 
tics expected for a protein that regulates either the 
Gy-G, or the G,-S transition [102]. The amount 
of p53 protein did not vary significantly among 
G,, S and G, rat 3T3 cells sorted by flow cytoflu- 
orimetry and quantified by a radioimmune assay 
procedure [102а]. 

‘Interesting data on p53 expression have been 
obtained from studies on human peripheral blood 
lymphocytes (PBL) that had been stimulated with 
phytohaemagglutinin (PHA) [103]. When depleted 
of accessory cells (monocytes/ macrophages), 
PHA-sumulated PBL grew in size but did not 
replicate their DNA. Entry into the cell cycle was 
initiated only after the addition of interleukin-2. 
Thus, growth in size could be distinguished from 
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cell cycle-related events in this system. p53 protein 
was induced only under conditions leading to a 
full mitogenic response, and if the response was 
inhibited by addition of antibody to the inter- 
leukin-2 receptor, p53 induction was also inhibited 
[103]. Although the p53 found in transformed cells 
was phosphorylated, that found ш normal 
thymocytes was not [90]. Post-transcriptional regu- 
lation of p53 levels, likely via protein degradation, 
is suggested by the observation that cells with high 
(SV80, Raji) and low (HeLa, normal spleen) 
amounts of p53 protein had comparable amounts 
of functional p53 mRNA [103a,b]. 

On balance it appears that there is good evi- 
dence to link p53 expression with cell cycle pro- 
gression, though its role in this process, and in 
cellular immortalization, remains obscure. A di- 
rect involvement of p53 in cell transformation is 
suggested by its elevated level in many tumors and 
the observation that proteins encoded by diverse 
transforming viruses (SV40, adenovirus) form 
complexes with it. However, as pointed out by 
Calabretta et al. [103c], the increased expression of 
a cell cycle-dependent gene in a tumor may simply 
reflect an increased proportion of cycling cells. It 
is intriguing that cell lines exist, such as the hu- 
man myelocytic leukemia cell line HL60, in which 
the p53 gene appears to have suffered deletions 
and is not expressed; however, these cells express 
тус in larger amounts, hinting that this may be 
one way of compensating for the absence of p53 
function [104]. Studies on the content of р53 
protein in murine erythroleukemia cells during the 
chemically inducéd commitment to terminal cell 
division and differentiation revealed that lowered 
p53 levels correlated with terminal G, arrest [104a]. 
When F9 embryonal carcinoma were induced to 
differentiate there was a 20-fold decrease in the 
p53 mRNA and protein levels but no change in 
the (3 h) half-life [1045]. 


III. The search for cell cycle-regulated genes 


In this section we consider proteins and RNA 
species identified initially by virtue of the cell 
cycle dependence of their appearance. 

Two approaches have been predominant in re- 
cent attempts to identify cell cycle-regulated genes. 
One, employed by several laboratories, is to screen 


cDNA libraries with probes made from mRNA 
isolated from cells in two different growth states 
to identify specific clones that respond differen- 
tially [105-110]. Other workers have analysed the 
proteins (often on two-dimensional SDS-poly- 
acrylamide gels) synthesized by cells at different 
stages of the cell cycle or after mitogen-stimula- 
tion of quiescent cells [111-118]. A derivative of 
this approach involves looking at the electro- 
phoretic patterns of polypeptides translated in 
vitro using mRNA isolated from cells in different 
growth states [119,120]. We will deal with the 
findings of these two types of studies separately. 
In studies far too numerous to cite, the ability of 
various stunuli ranging from tumour promoters 
and interferons to lectins and growth factors to 
induce specific proteins or enzyme activities has 
been examined; however, the focus of these stud- 
ies has rarely been on cell cycle regulation. 

ША. The identification of cDNA clones corre- 
sponding to cell cycle-regulated RNAs 


When filter replicas of a cDNA library are 
hybridized with radioactive cDNA probes pre- 
pared from poly(A) mRNA from cells before and 
after mitogenic stimulation, differential gene ex- 
pression (more specifically,. altered cytoplasmic 
abundance of specific RNAs) is reflected by dif- 
ferences in the signal intensities displayed by 
specific colonies. The virtue of this technique lies 
in the fact that it permits the isolation of individ- 
ual genes of interest. Its vices are that artefactual 
signals are frequently generated, making the work 
very labour-intensive, and that the level of sensi- 
tivity restricts it to the identification of abundant 
or moderately abundant mRNAs. Stiles and his 
collaborators have estimated the minimum repre- 
sentation of a particular mRNA detectable in a 
population to range from 0.01 to 0.1% [106]. Con- 
sequently, all of the genes described in this section 
fall into the category of those that are expressed to 
reasonably high levels, at least transiently. True 
low-abundance mRNAs that show cell cycle-de- 
pendent patterns of accumulation (e.g. c-fos or 
с-тус [53,121]) would not have been detected. 
However, new approaches to cDNA library gener- 
ation and colony screening developed in our 
laboratory [122,123] should yield an increase in 


the sensitivity of the method; alternatively, sub- 
traction of unwanted clones by repeated hybridi- 
zation followed by ‘brute-force’ analysis of the 
remaining clones also yields interesting clones 
[124]. 

As we stated in the introduction, one of the 
main intentions of this review is to draw together 
the work on the identification, via cDNA clones, 
of new genes. These cDNA clones have been 
obtained from a variety of sources, including 
mouse, rat and Chinese hamster ovary cells. Pub- 
lished DNA sequence information is available for 
a few of them, including proliferin [125], JB (r-fos) 
[64] and 49С8, a transcript homologous to B2 
repetitive elements [110]. 

We have compiled data on these genes in Table 
I. Included in this table are the sources of the 
various cDNA clones, and (where known) the 
sizes of their corresponding RNAs and proteins, 
the specificity of induction by individual growth 
factors, their times of maximal expression, and the 
effects of inhibitors of transcription and transla- 
tion. 

The first group, clones KC, JE, СІВ, CC, JB 
(гоз) and MF, contains mRNAs induced by 
PDGF in BALB/c 3T3 cells [106,126,127]. Three 
of these clones (KC, JE and JB) have been studied 
in some detail by Stiles and co-workers. The JB 
clone has been shown to have homology with the 
third exon of c-fos, hence its designation as r-fos 
[64]. Clone KC corresponds to an mRNA that is 
superinduced when cycloheximide (CHM) is ad- 
ded along with PDGF, which, as described in 
section II, is also the case for the PDGF-inducible 

- proto-oncogenes c-myc and c-fos. In part, the ef- 
fect of CHM may be attributable to the stabiliza- 
tion of polysomes, thus preventing mRNA 
turnover. However, this cannot explain the 20-fold 
superinduction of KC expression by both CHM 
and puromycin [106]. Possibly the genes are tran- 
scriptionally regulated by a labile repressor – either 
a protein or something keyed to ongoing protein 
synthesis. KC and JE transcripts were also in- 
duced by phytohemagglutinin (PHA) stimulation 
of normal human peripheral blood mononuclear 
cells, with times of maximal expression similar to 
those seen during PDGF-stimulation of quiescent 
mouse fibroblasts [128]; however, ‘their levels in 
leukemic cells were reduced [129]. 


91 


Three clones (18A2, 32A4 and 28H6) described 
by Linzer and Nathans [107] were derived by 
comparing cDNA probes from growing BALB/c 
3T3 cells to their quiescent, serum-deprived coun- 
terparts. One clone, 28H6, showed profound 
serum- and PDGF-inducibility, with maximal 
transcript levels 12-18 h after stimulation. Se- 
quence analysis of this clone, subsequently termed 
proliferin, showed that it encoded a protein con- 
taining 30-40% amino acid homology with mam- 
malian prolactins [125]. This gene will be dis- 
cussed in more detail in section IVD2, since ıt has 
been demonstrated that proliferin is identical to 
the secreted mitogen-regulated protein (MRP) of 
Swiss 3T3 cells [130]. Clones 18A2 and 32A4 have 
not been characterized beyond their initial de- 
scription. From a comparison of the Northern gel 
patterns, we suggest that 32A4 may be related to 
clone 49C8, which corresponds to the murine B2 
repetitive sequence [110]. 

Clones of mRNAs whose abundance is en- 
hanced after quiescent mouse fibroblasts are 
stimulated in the presence of cycloheximide have 
been isolated by differential screening of a cDNA 
library made іп Ар110 [131]. From 50000 plaques 
screened initially, 357 that showed augmented ex- 
pression were isolated and found to represent 
between 14 and 41 different mRNAs, some of 
very low abundance. Five clones (3CH61, 3CH77, 
3CH92, 3CH96 and 3CH134) representing five of 
the families of the more abundant species were 
studied in detail (Table D). Like c-fos, the mRNAs 
appeared rapidly after stimulation with serum in 
the absence of cycloheximide, peaking between 40 
and 90 min and then decaying with a half-life of 
about 30 min. The mRNA corresponding to clone 
3CH61 increased again after 6-10 h. In the pres- 
ence of cycloheximide and serum the mRNAs 
were all stabilized at a high level for at least 3 h; 
cycloheximide alone had little effect. PDGF, FGF 
and TPA were each able, alone, to induce expres- 
sion of the five mRNAs. 

Cycloheximide superinduction (or at least sta- 
bilization) of mRNA in concanavalin A-stimu- 
lated human lymphocytes was used by Forsdyke 
[132] to obtain clones of mRNAs expressed im- 
mediately after entrance of Су cells into G,. The 
author speculates that certain mRNAs are ‘in- 
duced’ by cycloheximide as the result of a de- 
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TABLE I 
Cell DNA Stimulus mRNA Encoded Timeof Effect of CHM super- 
of clone when size protein maximum transcription inducibility 
origin designation identified (bases) size induction inhibition 
(M, X107?) (h) 
BALB/c 373 KC PDGF, 4h 1200 10 1 blocked yes 
JE b 990 19 4 blocked yes 
СІВ 7 
сс Y 
JB,rfos  " 2000 yes 
MF қ 
BALB/c 373 18А2 serum 700 continuous 
28H6 Е 1000 25 12-18 blocked 
(ргоШепп) 
32А4 5 440—600, 1700, 
2900, 5000 12-18 
3CH61 serum + CHM, 3 h 2700 43 1,6 yes 
3CHi34  " 2800 40 1 yes 
3CH77 + 3600 - 2 yes 
3CH92 й 2200 35 1 уе$ 
3CH96 4 1600 - 1 yes 
4813 hamster р13-2А8 ѕегит, 6 В not discrete 6,24 
р13-249  " 3800, 750 16 yes 
р13-2А10 ^" 450 16 
р13-2Е1 ” 1500 6-16 yes 
pl3-4Fl  " 1550 6-16 yes 
Swiss mouse embryo fibroblast 16C8 serum, 15 В 900 18 6-12 blocked no 
49C8 ч 500 - 59 blocked yes 
5B10 А 680 7 5% 
31H4 i 2100 48 12 
33H1 vi 2000 42 6-12 
JB6, mouse epidermal 2ar TPA 1600 60 continuous blocked no 
Jurkat human leukemic JD15 TPA 1800-2000 32 2-4 blocked 
Fisher rat 3T3 pTR1 transformation 1900 53 8-24 
Human? PBL 7 Con А + CHM, 2h 2150 4 yes 
10 ч 2150 
19 - 980, 1120 4 по 
30 Е 3400 





а Seven cDNA clones were also 1solated after PHA and phorbol ester sumulation of resting human lymphocytes [332,333]. 
> $, the signal reached 115 highest value during S phase (1e 12-24 h after serum stimulation). No subsequent decline was visible, 


perhaps due to loss of synchrony 


crease in the concentration of an autogenously 
regulated repressor. Four clones identifying at least 
four mRNAs whose levels were enhanced were 
partially characterized; whether any of them cor- 
responded to c-myc or c-fos, which might be found 
with this methodology, was not determined. 
Baserga and his colleagues [108] have described 


the set of cDNA clones 2A8, 249, 2A10, 2F1 апа 
4F1 corresponding to mRNAs that were induced 6 
h after serum stimulation (at 34? C) of quiescent 
1513 cells, a hamster cell line with a temperature- 
sensitive mutation blocking passage through G,. 
Transcripts corresponding to all of these clones 
were detectable in cytoplasmic RNA from quies- 
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Identity Ref 
TPA 
64, 106, 127, 129 
3rd exon c-fos 
107, 125, 130, 131 
prolactin-like 
+ 
+ 
+ 
+ 
++ 
108, 129, 357 
c-fos-hke 
Ha-ras-like 
+++ 135, 110 
E B2 element 
++ J Smth, unpublished data 
+ +++ 146 
147 
132 








€ Relative induction of individual genes by punfied growth factors estimated from published data for mRNA abundances + + + + 
represents the maximum induction observed, — indicates no induction 


cent cells and were induced 3—6-fold in G,. The 
temperature sensitivity of 1513 cells, which causes 
the cells to be blocked 3—5 h prior to the start of S 
phase, allowed these authors to subdivide the 
clones into ‘early’ or ‘late’ genes. When 1513 cells 
were serum-stimulated at the nonpermissive tem- 
perature (39.6? C), levels of RNA complementary 
to 2A9 and 4Е1 were 10-times those found in 


quiescent cells, whereas the 2A8 transcript abun- 
dance was not altered. Thus the G, events that 
control the expression of the 2A9 and 421 genes 
are not dependent on the function blocked by the 
1813 mutation. 

Transcripts homologous to 4F1 and 2F1 have 
been detected in human peripheral blood mono- 
nuclear cells (PBMC) and shown to be induced 
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after PHA stimulation [129]. No expression. of 
2А9 could be detected in these cells, though tran- 
scripts with 2A9 homology were induced іп 
serum-stimulated human WI-38 fibroblasts, sug- 
gesting that the expression of this gene is cell 
type-specific. The relative abundances of tran- 
scripts homologous (о 2ҒІ, 4F1, c-myc, КС, JE 
and the gene for the interleukin 2 (IL-2) receptor 
have been determined in purified preparations of 
T lymphocytes [128]. In these cells PHA treatment 
caused expression of 2F1 and the IL-2 receptor, 
but not expression of c-myc, 4F1, JE or KC, which 
could only be induced in the unfractionated 
PBMC. Accessory cells in the unfractionated 
population were necessary for the full proliferative 
response of lymphocytes to PHA; in their absence 
the cells grew in size but did not synthesize DNA. 
These clones may therefore permit dissection of 
the independent processes of growth in cell size 
and the preparations for DNA replication [133]. 
In a comparison of a panel of genes that included 
c-myc, 4Е1, КС-1, c-ras, 2A9, ornithine de- 
carboxylase, p53, 2F1, thymidine kinase and his- 
tone H3, all of which were inducible by serum, it 
was found that only a subset (the last five named) 
were activated following adenovirus type 2 infec- 
tion of cells [134]. 

We have described five genes isolated from a 
cDNA library made with poly(A) mRNA from 
secondary cultures of mouse embryo fibroblasts. 
The clones were identified via their differential 
response to probes from quiescent cells and from 
cells 15 h after serum stimulation [110,135]. Two 
of these genes (16C8 and 49С8) have been char- 
acterized extensively. 16C8 corresponds to а 900- 
nucleotide mRNA that appears to encode an М, 
22600 secreted protein that may be glycosylated 
(Edwards et al, unpublished data) The abun- 
dance of this mRNA is maximal 6-12 h after 
serum stimulation of 3T3 fibroblasts, and its ex- 
pression requires protein synthesis, in contrast to 
the ‘early’ class of PDGF-inducible genes [106]. 
Individual mitogens such as FGF, TPA and PDGF 
(Fig. 2) caused a partial induction of 16C8, up to 
80% of the serum-induced level in the case of 
TPA. In contrast, other growth factors (EGF, 
insulin and IGF-I) produced по or very little 
induction. Transcriptional regulation plays a part 
in controlling the level of 16C8 mRNA, as shown 
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Fig 2. Induction of cell cycle-dependent genes by various 
mitogens Cytoplasmic RNA prepared from quiescent cells (0, 
in 0.5% fetal bovine serum) and from cells 6 В and 12 h (a and 
b, respectively) after refeeding with mitogen-supplemented 
fresh medium was electrophoresed through 1 1% agarose in the 
presence of formaldehyde and then transferred to nitrocellu- 
lose The blot was hybndized sequentially with three nick- 
translated plasmids containing a portion of cDNA correspond- 
ing to each gene The band marked with an arrow in the 
serum-stimulated samples probed with 49C8 derives from some 
residual 16C8 probe remaimng hybridized to the blot. Mitogen 
supplements were added at the following concentrations. serum, 
10%; PDGF, 10 ng/ml; EGF, 20 ng/ml: IGF-(recombinant 
somatomedin C), 26 ng/ml 


by a peak in transcription rate at 3 h after serum 
stimulation in nuclear ‘run-off’ experiments. How- 
ever, this is likely not the only level of control, 
since 16C8 transcripts were found in nuclear RNA 
from quiescent cells and the steady-state levels in 
nuclear RNA did not change appreciably after 
serum stimulation [110]. 

Three independent members of the 49C8 class 
were isolated during the initial screening of the 
cDNA library. These clones identify а dispersed 
class of short (approximately 500 nucleotides) 


ВМА molecules that are not found іп polyribo- 
somes and are unable to hybrid-select any transla- 
table mRNAs [110]. The RNAs are homologous to 
the repetitive element designated B2. The 10? 
members of the 200-bp murine B2 family (B1 is 
the mouse Alu equivalent) are flanked by inverted 
repeats and typically contain RNA polymerase III 
promoter and terminator signals and an oligo(dA) 
stretch [136-139]. The induction of these short 
cytoplasmic B2 transcripts after serum stimulation 
was shown to be sensitive to actinomycin D but 
not to a-amanitin or 5,6-dichlororibofuranosyl- 
benzimidazole (DRB); in agreement with other 
studies this suggests that they are products of 
ВМА polymerase Ш [140,141]. EGF, ЕСЕ, in- 
sulin and TPA were each poor inducers of the 
B2-related RNAs when added separately to sub- 
confluent serum-deprived Swiss 3T3 cells [110]. 
PDGF and IGF-I (somatomedin C) had a modest 
effect alone (10-20% of that obtained with 10% 
fetal bovine serum), though combinations of 
PDGF and EGF or IGF-I were more effective; 
these same combinations gave the best induction 
of MRP (proliferin) but not 16C8 (Fig. 2). 

The fact that the cytoplasmic B2-related RNAs 
are induced by mitogens is interesting in the light 
of other studies showing that the levels of RNAs 
corresponding to B2 elements show temporal regu- 
lation during mouse embryogenesis [142,143]. 
Genes containing B2 sequences were transcribed 
extensively, though few cytoplasmic poly(A) 
mRNAs contained them [137,140]. One such 
mRNA, encoding an H-2D major histocompatibil- 
ity gene, was found by Rigby and co-workers in 
elevated amounts in SV40-transformed 3Т3 
fibroblasts compared to untransformed cells 
[144,145]. The short B2 transcripts were also more 
abundant in these and other SV40-transformed 
cells [124,141]. The functional involvement, if any, 
of these sequence elements in the processes of 
differentiation, cellular transformation and pro- 
liferation is not known. 

Two other mitogen-inducible genes, JD15 and 
РТВ1, have been identified through cDNA clon- 
ing. The JD15 clone was isolated from a human 
leukemic cell cDNA library and was shown to 
identify an approx. 1.9-kb mRNA that was induci- 
ble by ТРА or PHA [146]. Nuclear ‘run-off’ tran- 
scription experiments confirmed that the gene was 
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transcriptionally activated by each agent. The 
pTR1 cDNA clone was obtained in Breathnach’s 
laboratory by screening a Agt10 library of cDNA 
prepared from poly(A) mRNA from polyoma 
virus-transformed Fisher rat 3T3 fibroblasts with 
a cDNA probe that had been enriched for trans- 
formation-specific sequences by ‘hybridization 
subtraction’ [147]. The pTR1 gene encodes ап М, 
53000 protein unrelated to currently known se- 
quences. In addition to being induced in cells that 
have been transformed by polyoma virus, Rous 
sarcoma virus, or the human cellular oncogene 
газ“, pTR1 was induced by EGF at 5 ng/ml. 
Paradoxically, the presence of 10% fetal calf serum 
in the growth medium abolished the induction by 
EGF. This suggests that a component of serum 
acts to override the induction caused by EGF (cf. 
also МЕР mRNA induction in Fig. 2). Since 
control of expression of the gene was at the level 
of transcription, this system offers the possibility 
of interesting insights into the ways that onco- 
genes and growth factors control the expression of 
specific genes. 

A relatively small collection of 300 clones was 
screened using cDNA probes from quiescent 
serum-starved Rat 1 fibroblast cells and from cells 
after overnight stimulation with 10 ng/ml EGF in 
serum-free medium [148]. Fourteen clones yielded’ 
an approximately 5-fold elevated signal when 
probed with cDNA from EGF-stimulated (com- 
pared with unstimulated) cells. These clones iden- 
tified five independent genes. Sequencing of the 
cDNA inserts revealed that the five families had 
homologies with lactate dehydrogenase, glyceral- 
dehyde-3-phosphate dehydrogenase, enolase, tri- 
osephosphate isomerase and actin. It is likely that 
the high incidence of positive clones observed in 
this screen (5% of those analysed) reflected meta- 
bolic differences between the quiescent and 
stimulated cells, particularly as four of the five 
induced genes encode glycolytic enzymes. In other 
studies the relative level of glyceraldehyde-3-phos- 
phate dehydrogenase mRNA was found not to 
vary following serum stimulation of quiescent sec- 
ondary mouse fibroblasts or Swiss 3T3 fibroblasts 
[110,135]. 

Growth-related differences between quiescent 
and serum-stimulated mouse fibroblasts have been 
observed previously. There was a doubling in the 
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ratio of mRNA to rRNA in the cytoplasm of 
exponentially growing or serum-stimulated Swiss 
3T3 cells compared to their quiescent counterparts 
[149]. Protein synthesis is enhanced in proportion 
to the concentration of serum used to stimulate Су 
cells [149a]. The relative concentrations of tran- 
scripts corresponding to mitochondrially-encoded 
genes decreased 2-3-fold in poly(A) mRNA from 
mid-S phase fibroblasts compared to unstimulated 
cells [135]. This suggests that the mitochondrial 
transcripts accumulate in parallel with the major 
cytoplasmic RNA species, i.e. rRNA, and there- 
fore reflect growth in cell size. 

In addition to the clones described in Table I, 
differential screening using cDNA probes from 
unstimulated AKR-2B mouse cells and from cells 
that had been stimulated by EGF for 6 h showed 
that a family of retroviral-like sequences called 
VL30 was induced [105,150]. Murine VL30 
mRNAs аге 5—6-kb species derived from dis- 
persed, moderately (100 x) repeated uninter- 
rupted genomic sequences with properties 
suggestive of an endogenous replication-defective 
retrovirus related to murine leukemia virus [151]. 
The VL30 ‘genes’ are bracketed by 600-nucleotide 
long terminal repeats (LTRs) with all the char- 
acteristics of retrovirus LTRs. The polyadenylated 
RNA encodes no known proteins and is copac- 
kaged efficiently by replication-competent retro- 
viruses. Expression of the RNA varies in different 
murine lines and is substantially increased in cells 
stimulated by certain growth factors (EGF, TPA); 
additionally, transformation can cause an increase 
in VL30 expression under certain conditions [152, 
153]. 

It appears likely that the endogenous VL30 
sequences are expressed because they contain a 
sequence element, presumably in the LTR, that 
promotes their gratuitous transcription in ap- 
propriately stimulated cells. The expression of the 
LTR of another murine endogenous retroviral ele- 
ment (intracisternal A particle, IAP) has been 
shown to occur in early G, and in density-arrested 
Friend erythroleukemia cells [154]. There was 
limited but significant sequence homology be- 
tween the LTR and the 2A8 clone [108] identified 
in Syrian hamster cells that corresponded to a 
repetitive sequence whose expression was highest 
in the mid G, period of serum-stimulated quies- 
cent BHK cells. 


ШВ. Polypeptides synthesized at specific times dur- 
ing the cell cycle 


One of the reasons for investigating cell cycle- 
dependent polypeptide synthesis is the particular 
sensitivity of the G, phase of the cycle to inhibi- 
tors of protein synthesis [65,66]. Pardee's restric- 
tion point model for cell cycle control proposes 
that commitment beyond a restriction point *R' in 
G, requires the synthesis of a labile, growth fac- 
tor-induced protein (66]. Thus proteins that dis- 
play this characteristic may be especially relevant 
to cell proliferation studies. 

Though the great majority of cellular proteins 
are synthesized in all stages of the cell cycle, some 
exceptions have been observed. In general, two-di- 
mensional gel electrophoresis is required to detect 
these quantitatively minor changes in gene expres- 
sion [111-113]. In some instances one-dimensional 
analysis has proved adequate and was used, for 
example, to demonstrate a peak in actin synthesis 
in mid G, during the transition from G, to S 
phase, but not in the G, phase of cycling cells 
[155]. Lectin activation of lymphocytes increases 
the cytoplasmic levels of both actin (f and y) 
and, to an even greater extent, tubulin (a and В) 
mRNAs [156]. 

Five PDGF-inducible proteins (pl to pV with 
M, values of 29000, 35000, 45000, 60000 and 
70000) whose differential rate of synthesis was 
raised sufficiently (to roughly 1% of total cellular 
pulse-labeled protein) bave been detected by 
Pledger et al. on one-dimensional gels [116,157]. 
One of these proteins (РИ) corresponds to the 
major excreted protein (МЕР) of BALB/c-3T3 
cells [158] and will be discussed in more detail in 
section IVD1. The synthesis of the protein pI (M, 
29000) occurs during the first half of С, and is 
thereafter suppressed, indicating a close correla- 
tion with the induction of competence by PDGF; 
it is associated with nuclear material and is stabl 
for 9-12 h [159]. | 

Analysis of 505 gels of proteins translated in 
vitro from mRNA isolated from PDGF-stimu- 
lated BALB/c 313 cells revealed four PDGF-in- 
ducible mRNAs detected via their translation 
products (tpI-IV) [119], some of which likely cor- 
respond to the proteins (or at least their poly- 
peptide precursors) discussed above. Thus tpl is 


similar in size to pI (М, 29000); however, the 
PDGF-inducible mRNA has not yet been matched 
with an mRNA identified by the current collec- 
tion of PDGF-inducible cDNA clones (Table I). 
The mRNA encoding ірі reached a maximum 
60-90 min after PDGF addition and then de- 
clined. The mRNAs corresponding to ФП (M, 
35000; likely рП/ МЕР) and tpIII (М, 55000) 
began to accumulate only after 4—6 h and 
depended upon prior protein synthesis. Only when 
cycloheximide was added together with PDGF 
was it possible to detect the mRNA encoding tpIV 
(M, 32000) EGF, but neither insulin nor 
platelet-poor plasma (containing somatomedin C), 
was able to induce these mRNAs [119]. 

Several two-dimensional gel analyses have re- 
vealed differences in the patterns of proteins 
synthesized by quiescent and serum-stimulated 
cells. [111-113,115-118,160]. Four cytoplasmic 
proteins (26000, 28000, 45000, 47000) were ob- 
served by Thomas et al. [115] to increase in abun- 
dance within 1 h of serum stimulation of quiescent 
Swiss 3T3 cells. Synthesis of three of these pro- 
teins was inhibited by actinomycin D treatment. 
Tubulins increased in abundance during mitosis, 
while during S there was an increase in ап M, 
36000 'cytoarchitectural' protein [113]. Histones 
and cyclin (PCNA) are discussed in section IV. 

Two dimensional gels were used to unmask 
proteins that were synthesized at elevated rates 9 h 
after serum-stimulation, when BALB/c 3T3 cells 
are approx. 2 h prior to the restriction point R 
that leads to commitment to cell division [160]. 
Though several differences were observed, atten- 
tion was focussed upon ап М, 68000 protein (pl 
6.3) because it was synthesized at higher rates in 
benzo[a]pyrene-transformed cells (BPA31) com- 
pared to untransformed cells (A31), and because 
the protein was found to be unstable during a 3 h 
chase of A31 cells but stable in the BPA31 cells. 
These characteristics make this protein a candi- 
date for a restriction point control function [161]; 
however, not all transfórmed cell lines had elevated 
p68 levels [160]. Interestingly, the hsp70 family of 
heat shock proteins contains members that are 
unstable in vivo and have approximately the same 
M,, although p7 values and half-lives may be 
somewhat different from p68 [162,163]. The fact 
that the hsp70 gene of HeLa cells was transcrip- 
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tionally activated and its mRNA accumulated 
during G, in synchronized cultures [164] is intri- 
guing in view of the identification of human hsp73 
as a poly(A)-binding protein with a possible regu- 
latory role in mRNA translation [165]. 


IV. Some properties of known cell cycle-regulated 
genes 


In this section we review the recent literature 
concerning cell cycle-dependent expression of 
genes encoding proteins with (for the most part) 
defined functions. | 


IVA, Histones 


Histones, the small basic proteins complexed 
with eukaryotic DNA, have long been known to 
be synthesized in a cell cycle-dependent manner in 
most eukaryotic cells. By the mid-seventies it had 
been established that core histone synthesis in 
HeLa cells occurred predominately during S phase 
and that when DNA replication ceased most his- 
tone mRNA rapidly disappeared. Coupling of his- 
tone synthesis to DNA replication is of course 
eminently reasonable, since the only time there is 
a substantial requirement for new histone protein 
is when new DNA is being made. We discuss 
below what is generally true in cultured mam- 
malian cells but with the caveat that certain cell 
types or certain specific histones may constitute 
exceptions [166]. 

The core histones H2A, H2B, H3 and H4 are 
required to form nucleosomes, and because they 
are needed in equimolar amounts their synthesis is 
coordinately regulated. H1 serves to link adjacent 
nucleosomes, and certain H1 subspecies appear to 
accumulate preferentially in differentiated or 
quiescent cells, replacing the H1 subtypes synthe- 
sized initially [167,168]. There are also several 
categories of variant replication-independent core 
histones whose synthesis is not cell cycle-depen- 
dent; instead their synthesis either proceeds con- 
stitutively in, for example, Gg lymphocytes at 
about 3% of the maximal level observed in S phase 
or occurs only in certain differentiated tissues 
[166,169]. Mouse L6 myoblasts contain a species 
of a polyadenylated H4 mRNA whose level in 
polysomes remains high in the (nonproliferating) 
myotubes [170]. 
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The role of the replacement core histones is 
obscure, but may have something to do with DNA 
repair or with control of gene expression. The 
particular variants that are synthesized are char- 
acteristic of certain phases of the cell cycle, and in 
particular allow Су to be distinguished from Gi; 
all four H2A variants are synthesized in quiescent 
cells, while basal.(G,, С) synthesis involves only 
two minor H2A variants [171]. Although H1? is 
found almost exclusively in non-proliferating, 
terminally differentiated cells, its synthesis could 
be induced by butyric acid in G, cells; its presence 
was not sufficient to prevent cell proliferation 
[72]. 

The histone mRNAs are unusual in that almost 
invariably they are not polyadenylated; also, most 
histone genes lack introns [166]. (The gene encod- 
ing the histone H3.3, which is synthesized in both 
cycling and quiescent cells, however, is interrupted 
and produces an mRNA that is polyadenylated 
[173,174].) The absence of introns and a poly(A) 
tail may be a ‘streamlining’ adaptation related to 
the fact that most histone synthesis is required, 
and then in massive amounts, only during S phase. 
In S-phase mammalian cells, some 10% of total 
protein synthesis is devoted to histone synthesis. 
There are about 10—20 copies of each major type 
of histone gene in vertebrate cells. They are clus- 
tered, but not tandemly repeated [175]. Although 
the coding sequences are highly conserved, there 
has been considerable divergence in the sequence 
of the noncoding 5’ and 3' regions [176]. 

The abundance of the histone mRNAs and 
their small size have made them an attractive 
experimental system, and a number of laborato- 
ries have investigated the regulation of histone 
mRNA synthesis in considerable detail. Dominant 
among these has been the laboratory of G. and J. 
Stein [177]. These workers [178] and Heintz et al. 
[179] have isolated and partly characterized ge- 
nomic clones containing human histone genes. 

Using cloned histone genes as probes, several 
groups have shown that expression of both Н1 
and the core histones is coordinately regulated 
both transcriptionally and post-transcriptionally. 
At the beginning of S phase there is a substantial 
increment (up to 10-fold, depending on the cells) 
in the transcription of the histone genes, perhaps 
coupled to the initiation of their replication; later 


in S phase the rate of transcription diminishes 
[180]. This finding, illustrated in Fig. 3, appeared 
to be valid for all but one of the replication-de- 
pendent variants studied, and in most cell types 
independently of the procedures used to synchro- 
nize the cells. Not surprisingly, histone synthesis 
was blocked at the restrictive temperature by the 
G,-specific temperature-sensitive mutation affect- 
ing RNA polymerase II in tsAF8 ВНК cells [181]. 
It was also blocked by the 1/8 К12 mutation that 
prevents the hamster cells from proceeding past a 
point about 2-4 h before S phase - neither DNA 
replication nor the cytoplasmic accumulation of 
histone mRNA. occurs at the restrictive tempera- 
ture [182]. Curiously, temperature arrest of the 152 
derivative of BALB/c 3T3 cells near the G,/S 
boundary yielded the anomalous result that his- 
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Fig. 3. Cell cycle-dependent expression of the histone genes. 
(A) €, rate of histone mRNA synthesis measured by the 
incorporation of [*H]uridine into histone mRNA during 
pulse-labeling in intact cells, O, total amount of histone 
mRNA ın the cell measured by probing Northern blots. (B) Ф, 
rate of DNA synthesis measured by pulse-label incorporation 
of [ H]thymidine into DNA, О, accumulation of newly 
synthesized DNA ш the cell. Figure kindly provided by С. 
Stein. 


tone synthesis apparently continued in the ab- 
sence of DNA synthesis [182a,b]. 

Changes in the relative amounts of several his- 
tone mRNAs after stimulation of quiescent murine 
3T6 fibroblasts with serum were studied using an 
S1 nuclease procedure [183]; H3 transcription in- 
creased about 5-fold, even when DNA synthesis 
was inhibited with cytosine arabinoside. However, 
the 50-fold increase in the cytoplasmic abundance 
of the histone mRNA seen during S phase was 
blocked by the inhibitor. In S-phase HeLa cells, 
previously synchronized at the G,/S boundary 
with thymidine and aphidicolin, there was an in- 
crease both in the rate of transcription and in the 
half-life of the mRNAs encoding the core histones 
[184]. Alterations in the chromatin structure up- 
stream of an H4 gene in HeLa cells synchronized 
with a double thymidine block appeared to result 
from coupled replication and expression of the 
gene [185]. A study of the cell cycle-dependence of 
H3 mRNA metabolism in murine erythroleukemia 
cells fractionated by centrifugal elutriation sug- 
gested that the accumulation and decay of the 
message in the cytoplasm of these normally cy- 
cling cells may result from regulation largely in 
the nucleus at the level of processing or transport 
rather than transcription or mRNA breakdown 
[186]. 

The stability of the histone mRNAs (estimates 
of the normal half-life range from 20 min to 6 h 
for different species in various cell lines [187]) is 
dependent upon ongoing DNA replication [188, 
189. When DNA replication was blocked (e.g. 
with hydroxyurea, BrdUrd, cytosine arabinoside 
or aphidicolin) histone synthesis ceased and the 
histone mRNAs were degraded with a half-life of 
10-15 min. For degradation to occur, however, 
protein (but not RNA) synthesis was necessary; if 
protein synthesis was blocked at the same time as 
DNA. synthesis then the histone mRNA was not 
degraded [190]. Inhibition of DNA synthesis was 
also accompanied by a significant reduction of the 
rate of transcription of the histone genes, which 
was agam dependent upon ongoing protein 
synthesis (Refs. 191, 192; but see 187, 190 also). 
Curiously, novobiocin, which inhibits DNA rep- 
lication but doés not alter the pools of deoxynuc- 
leotides (in contrast to hydroxyurea, cytosine 
arabinoside or aphidicolin), did not reduce the 
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level of histone mRNA [192], Novobiocin, how- 
ever, has a multitude of effects on mammalian 
cells, including lowering of the ATP: ADP ratio 
[193]. 

When only protein synthesis was inhibited there 
was an increase in the half-life of histone mRNA 


° from 30 min to more than 2 h with little change in 


'the rate of transcription; resumption of protein 
synthesis precipitated a rapid breakdown of the 


* excess mRNA [187,190]. Partial inhibition of pro- 


tein synthesis led to an increase in the cell genera- 
tion time with little change in the duration of the 


' chromosome cycle (S 4G, + M). Wu and Bonner 


[194] showed that this chromosome cycle com- 
pensation resulted from an increase in the levels of 
histone (and perhaps other) mRNAs. Although it 
is possible that a labile protein controls the stabil- 
ity of the histone messenger, the weight of the 
evidence favors the conclusion that the histones 
themselves self-regulate their production post- 
transcriptionally [195]. The argument stems from 
the thesis that DNA replication is dependent upon 
and limited by ongoing protein (assumed to be 
histone) synthesis; inhibition of DNA synthesis 
leads to an increased concentration of the amount 
of free histone, which by an unknown mechanism 
decreases histone mRNA stability. Inhibition of 
protein synthesis leads to a decrease in the amount 
of free histone and a concomitant increase 1n the 
stability of the mRNA. The stability of the histone 
message 1n the absence of protein synthesis is not 
due to protection by ribosomes, because pact- 
amycin (an inhibitor of initiation) and puromycin 
(which allows ribosome run-off) show the same 
effect as cycloheximide [183,190]. 

АП the data are compatible with autogenous 
regulation of both histone gene transcription and 
histone mRNA stability by the concentration of 
histone protein; however, other explanations are 
not excluded (cf. Ref. 192). Thus Stein and Stein 
[196] have argued that it is unlikely that transcrip- 
tion of the histone genes is modulated autoge- 
nously, rather they favor a more direct coupling to 
DNA replication [197]. The precedent is provided 
by yeast, where transcription of the histone genes 
begins immediately before the initiation of DNA 
replication, and cessation of transcription in turn 
depends upon entry into S phase [198]. 

Sequences in the histone genes and mRNAs 
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that are important for the regulation discussed 
above are currently being pinpointed. Transcrip- 
tion is presumably modulated by promoter and 
enhancer sequences near the 5' end of the gene, 
and a human histone H4 promoter region 70—100 
nucleotides upstream of the transcriptional start 
site has been characterized [199]. The distal pro- 
moter elements are recognized by a factor found 
preferentially in extracts of S-phase HeLa cells. 
Capasso and Heintz [200] have reported cell 
cycle-dependent transcription of a human H4 his- 
tone gene transfected into mouse cells; the pres- 
ence of multiple copies of the human H4 sequence 
appeared to repress specifically transcription of 
the endogenous mouse H4 gene — presumably by 
competing for a trans-acting transcriptional fac- 
tor. The 5’ sequence of a hamster НЗ gene has 
been shown to confer cell cycle-dependent regu- 
lation (maximum expression 1n S phase, blocked 
by the G,-specific temperature-sensitive K12 mu- 
tation) in hamster cells of an attached sequence 
encoding neomycin resistance [201]. 

А 463-bp segment comprising the 3'-terminal 
half of a mouse histone H4 gene attached to the 
SV40 early promoter has been shown to be suffi- 
cient not only to generate the correct 3' end of the 
mRNA but also to allow post-transcriptional cell 
cycle regulation of expression of the mRNA in a 
mouse mastocytoma cell-cycle mutant [202]. The 
distance of the histone sequences from the 3' end 
appeared to be important and the authors specu- 
lated that the absence of a poly(A) tail and the 
presence of a conserved palindromic sequence at 
the 3 end were important. A conserved stem-loop 
structure and a nearby CAAGAAAGA spacer 
sequence in the 3’ region appeared required for 
processing of sea urchin histone H3 RNA to a 
form that was stable in frog oocyte nuclei [203]. 
Sequences near the 3' end of a human histone H4 
gene have been implicated in the generation of a 
stable transcript in vitro [178]. 


IVB. Enzymes of nucleotide and polyamine metabo- 
lism 


During quiescence, mammalian cells economize 
by reducing their content of many enzymes in the 
pathways of nucleotide metabolism and DNA rep- 
lication. Upon reinitiation of growth and DNA 


synthesis in response to appropriate stimuli, cells 
in vivo and in vitro elevate nucleotide precursor 
pools and increase their capacity to incorporate 
nucleotides into DNA. Known growth-regulated 
enzymes include thymidine kinase [204], dTMP 
kinase [205], dCMP deaminase [205], ribonucleo- 
tide reductase [206], dihydrofolate reductase [207], 
thymidylate synthetase [207] ornithine de- 
carboxylase [208], DNA polymerases [209—211], 
polynucleotide ligase [212], DNA topoisomerase 1 
[213] and DNA methylase [214,215]. 

For some enzymes there are also periodic in- 
creases in activity during transit through the cell 
cycle in exponentially growing cells [216—219]. 
The shared pattern of increasing activity through 
S phase, with a maximum near the S/G, 
boundary, suggests pathways for co-ordinate regu- 
lation, temporally connected to DNA replication. 
The exact points of regulation for many of the 
enzymes mentioned are unknown, but transcrip- 
tional and post-transcriptional regulation of 
mRNA levels are important for dihydrofolate re- 
ductase (dhfr), thymidylate synthase (TS), thymi- 
dine kinase (TK) and ornithine decarboxylase 
(ODC). у 


IVBI. Dihydrofolate reductase (dhfr) 

Part of the molecular detail of dhfr mRNA 
metabolism is beginning to emerge from studies 
employing mutant cell lines with multiple copies 
of the dhfr gene selected for their resistance to 
progressively higher concentrations of the specific 
inhibitor of dhfr enzymatic activity, methotrexate 
(reviewed in Ref. 207). The increased dhfr mRNA 
content facilitated the molecular cloning of this 
normally low-abundance species of cytoplasmic 
1.6-kb mRNA [220]. Sufficiently high levels of 
dhfr mRNA are present in the vanants with the 
amplified gene to permit direct and sensitive mea- 
surements of the transcripts by DNA-excess filter 
hybridization. Moreover, short pulse-labeling ex- 
periments can be used to determine rates for dhfr 
mRNA synthesis, processing, transport and de- 
gradation. Inducible gene expression appears to 
have been preserved faithfully in the mutant cell 
lines [221]. 

After mitogen-stimulation of quiescent murine 
cells, cytoplasmic dhfr mRNA levels increased 
approximately 4-fold 2-6 h before DNA synthesis 


began [207]. The close correlation between mRNA 
content and the amount and rate of enzyme 
synthesis points to the messenger level as being 
the main factor determining dhfr activity during 
DNA synthesis [222,223]. In contrast to the close 
association between continued DNA synthesis and 
histone mRNA transcription, dhfr mRNA induc- 
tion was largely unaffected by inhibitors of DNA 
synthesis [224]. 

The nature of the intracellular signal to which 
the dhfr gene responds is unknown, but 
dibutyryl-cAMP addition to cells during serum-in- 
duced S phase rapidly terminated dhfr transcrip- 
tion, while permitting DNA synthesis to continue 
[223,225]. Inhibition of transcription was not ob- 
served when dibutyryl-cAMP was added to cells 
induced to synthesize DNA by polyoma virus 
infection, suggesting the existence of a second 
pathway for stimulation of dhfr transcription that 
is independent of the cAMP inhibitory effect [225]. 
Interpretations regarding the mechanism of regu- 
lation by cAMP are difficult, since high levels of 
intracellular cAMP have many effects on cell 
growth, including arrest in both the G, and G, 
compartments of the cell cycle [226]. 

The regulation of dhfr expression is complex, 
with evidence for control at both the transcrip- 
tional and the post-transcriptional levels. Follow- 
ing serum stimulation of quiescent 3T6 cells, in- 
creases in the rates of synthesis of both hnRNA 
and cytoplasmic mRNA have been observed 
[225,227]. Although Leys et al. [228] observed 
increased levels of cytoplasmic dhfr mRNA when 
density-arrested mouse sarcoma cells were re- 
plated at a lower density in fresh medium, an 
increase in the transcription rate could not be 
measured in nuclear ‘run-off’ transcription ехрегі- 
ments, nor could elevated rates of transport from 
the nucleus be detected. An increased stability of 
the message in the nucleus of the freshly plated 
cells was hypothesized to permit the eventual 
build-up of cytoplasmic dhfr mRNA. 

Mouse 3T6 cells may be arrested in the G, 
phase by glutamine starvation, but in this case the 
resting cells, unlike serum-deprived cells, have 
levels of cytoplasmic mRNA as high as those 
found in growing cells [229]. In these cells, the rate 
at which poly(A) mRNA was labelled by tritiated 
uridine was decreased 3-fold while there was a 
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concomitant 3-fold mse in the level of аћју 
hnRNA, pointing to decreased processing or 
transport from the nucleus. Since cytoplasmic 
levels of dhfr mRNA did not change, it was 
unclear if this effect represented a form of regu- 
lation utilized during normal cellular growth. The 
delayed processing may simply have been an aber- 
ration resulting from protein synthesis inhibition 
and the presence of an over-abundance of the 
mRNA due to gene amplification. 

Some progress has been made toward an under- 
standing of which regions within the dhfr gene are 
important for post-transcriptional regulation. 
Kaufman and Sharp [230] constructed алу" * mini- 
genes’ using a mouse dhfr cDNA segment and the 
adenovirus late mRNA promoter. Polyadenylation 
signals were provided either by the dh/r gene, the 
early or late SV40 polyadenylation sequences, or a 
CHO sequence. The mimigenes were transfected 
into dhfr^ CHO cells and amplified by selection 
for methotrexate resistance. Growth-dependent 
accumulation of dhfr mRNA, with growing cells 
containing 10-fold more mRNA than quiescent 
cells, was found in transformants that used either 
the dhfr or SV40 late polyadenylation signals, but 
not in transformants that utilized the CHO or the 
early SV40 signal. Again, ‘run-off? transcription 
experiments revealed only modest increases іп de 
novo transcription between the two states, insuffi- 
cient to account for the observed effects. Since the 
dhfr gene possesses multiple polyadenylation sites 
[231], dhfr mRNA levels may be controlled in 
cells in different physiological states by the ef- 
ficiency of polyadenylation at various termination 
sites, or by the differential stabilities of the 
mRNAs produced using these sites [230]. 

The nucleotide sequence for 1 kb preceding the 
mouse dhfr coding region includes three direct 
repeats of a 48-bp sequence [232,233]. S1 mapping 
studies indicated that there were multiple 5” 
termini in the dhfr mRNA population with a 
major start site at — 115, within the most 3' of the 
repeated sequence elements [233,234]. The re- 
peated sequences each contain an AT-rich se- 
quence, CACAAATA, that resembles both the 
CAAT and ТАТА ‘box’ sequences, and ap- 
proximates the approx. 50-bp separation between 
the two ‘boxes’ found in other genes [235] А 
region with homology to CAAT and TATA pro- 
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moter sequences located at — 700 also served as an 
efficient promoter, at least in transfected gene 
constructs [233]. Each repeat also contains a GC- 
rich sequence, GGGCGG, similar to single or 
repeated sequences found in a wide vanety of 
promoter regions from other genes, including the 
SV40 early region [236], hydroxymethylglutaryl- 
CoA reductase [237], EGF receptor [238], metal- 
lothionein [239] and hypoxanthine-guanine phos- 
phoribosyltransferase [240]. Such genes (except 
those of SV40) can be considered ‘housekeeping’ 
genes, since their transcripts are found in all or 
nearly all cells and are usually expressed constitu- 
tively at much lower levels than many of the 
tissue-specific genes (e.g. globin, ovalbumin) whose 
promoters have been well characterized. 

A human transcription factor called $р1 that 
binds upstream of cellular and viral promoters 
containing multiple copies of the sequence GG- 
GCGG has been identified [241]. Close contacts 
are formed between the Sp] protein and the bases 
of the hexanucleotide. It is tempting to speculate 
that one way of regulating cell cycle-inducible 
genes may involve modifications to 8р1 binding or 
its subsequent effects on transcriptional initiation. 
The Spi factor stimulated synthesis of two tran- 
scripts that initiate on opposite strands of SV40 
DNA in in vitro transcription reactions [242], and 
it bound to a monkey DNA sequence with in vivo 
and in vitro promoter activity located between 
divergent transcriptional start sites [241]. Interest- 
ingly, divergent transcripts are produced from the 
GC-rich dhfr promoter region; however, no infor- 
mation is available concerning inducible expres- 
sion of the opposite strand ЕМА [243,244]. 

Recently, evidence for transcriptional regu- 
lation of dhfr during the cell cycle in exponentially 
growing mouse 3T6 fibroblasts has been presented 
[234]. The rates of transcription from the major 
— 115 start site and from a secondary start site at 
— 165 increased 7-fold at the beginning of S phase 
over the basal rate іп G,, but the proportion of 
mRNA produced from each start site did not 
change. Further experiments were needed to de- 
fine those promoter sequence elements that confer 
cell cycle-dependent transcriptional activation. 


IVB2. Thymidylate synthetase (TS) 
The isolation of a fluorodeoxyuridine-resistant 


mouse cell line with an amplified TS gene facili- 
tated molecular cloning of a cDNA copy of the 
1.3-kb mRNA [245]. By several criteria, the struc- 
ture and regulation of TS appear to be the same in 
the mutant cells as in the 3T6 line from which it 
was derived [246,247]. TS mRNA levels peaked at 
20—40-fold above those found in the resting state 
about 20 h after serum-starved cells were re-fed 
with medium containing 10% serum [248]. The 
peak of mRNA levels in cycling yeast cells has 
also been shown to be near the beginning of S 
period [249]. Since the majority of TS mRNA is 
associated with polysomes at all times in mouse 
cells, and there is a good correspondence between 
TS mRNA and the rate of synthesis of the en- 
zyme, it is doubtful that there are any significant 
translational controls determining the abundance 
of the enzyme. However, because the increased 
rate of transcription (3-fold) and unaltered half-life 
of the polyadenylated TS mRNA seemed insuffi- 
cient to account for the rise in cytoplasmic TS 
mRNA abundance, Johnson and his collaborators 
have postulated post-transcriptional controls — 
specifically a differential partition between a rela- 
tively stable poly(A)* species and a labile 
poly(A)” species of RNA [248]. 


IVB3. Thymidine kinase (TK) 

The gene for cytoplasmic TK has been cloned 
by employing DNA-mediated transfection of 
mouse ТК“ cells with DNA from chicken, rodent 
and human sources [250-254,257]. Molecular 
probes derived from the genomic clones were sub- 
sequently used to demonstrate that the cyto- 
plasmic abundance of this mRNA (1.5 kb in hu- 
mans) was strictly proliferation-dependent, with 
essentially undetectable levels in non-cycling cells 
[134,251,254—256]. 

TK mRNA levels in continuously growing 
chicken cells are highest, but not strikingly so, 
during S phase [23] Signals governing S-phase 
induction were closely linked to the DNA segment 
that was transfected- into ТК“ cells [250,257]. 
Those signals that determined the disappearance 
of the transcript in differentiated chicken muscle 
cells appeared not to be at either the 5' or the 3' 
end, but in an intragenic location, suggesting that 
modulation of cytoplasmic abundance was media- 
ted through nuclear processing events in this case 


[255]. Post-transcriptional regulation may Бе 
central to the regulation of this gene during 
changes in growth states, since a correlation be- 
tween the steady-state level of polyadenylated 
chicken TK mRNA and mitotic activity in cells of 
several different tissues was not reflected in dif- 
ferentia] transcriptional activity of the gene; fur- 
thermore, nuclear ‘run-off’ experiments indicated 
equivalent transcriptional activity іп cells with high 
or low levels of cytoplasmic TK mRNA [256]. 

In BALB/c cells stimulated from quiescence, 
the induction of TK mRNA and enzyme activity 
was blocked by inhibitors of RNA and protein, 
but not DNA, synthesis [258]. Thus in mouse 
fibroblasts enhanced TK expression at late G,/ 
early S required new gene transcription and effi- 
cient protein synthesis, but not DNA replication. 
TK induction was also dependent on prior poly- 
amine accumulation [259]. 


IVB4. Ornithine decarboxylase (ODC) 

Several groups have recently isolated cDNA 
clones of the mRNA encoding murine ODC 
[260-263]. This enzyme catalyses the first and 
rate-limiting step in the synthesis in animal cells 
of polyamines that are essential for DNA rep- 
lication and cell proliferation. The protein has an 
unusually short half-life (10-30 min) and its activ- 
ity is subject to multiple regulatory controls [208]; 
its induction (which accompanies ‘the action of 
most homones and growth factors on their target 
tissues) is an early response. Inhibition of poly- 
amine synthesis in PHA-stimulated lymphocytes 
with difluoromethylornithine suppressed the for- 
mation of polyribosomes and inhibited both pro- 
tein and DNA synthesis [263a]. 

Induction is dependent upon the presence in 
the medium of a minimal concentration of an 
ODC-inducing amino acid, such as asparagine, 
which acts synergistically with the hormone or 
growth factor [264]. The М, 51000-54000 protein 
1$ encoded in а 2-2.6-kb mRNA (there may be 
several species [260]) whose cytoplasmic abun- 
dance is substantially increased by many factors 
that induce ODC activity [260—263,263b], but only 
fragmentary information is available on the level(s) 
at which regulation is accomplished [264—268]. 
Studies using hydroxyurea to inhibit progression 
of ‘mitotically selected’ CHO cells through S phase 
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suggested that ODC induction (which is blocked 
by hydroxyurea) may be required for passage 
through, but not entrance into, S phase [269]. 
There appear to be several ODC-related genes in 
the mouse genome [270,271]. 


IVC. Cyclin, or proliferating cell nuclear antigen 
(PCNA) 


Cyclin is an acidic M, 35000-36000 nuclear 
protein that shows cell cycle-dependent synthesis 
as seen by high-resolution two-dimensional gel 
electrophoresis of total cellular proteins [272]. Pro- 
liferating cell nuclear antigen (PCNA), which re- 
acts with an antibody generated in the autoim- 
mune disease systemic lupus erythematosus (SLE) 
[273], has been shown to be identical to cyclin 
[274]. Using anti-PCNA antibodies, Tan and col- 
laborators showed that PCNA synthesis occurred 
preferentially in proliferating cells [275,276]. In an 
analysis of HeLa cell proteins synthesized in dif- 
ferent stages of the cell cycle, cyclin was found by 
Bravo and Celis to increase significantly in S 
phase [113]. It has been found in various human, 
mouse, hamster and avian cell lines, where its 
abundance often correlates with the transformed 
or proliferative state of the cells [277,278]. (An M, 
50000 nuclear protein called PSL that was also 
recognized by an autoimmune serum and showed 
a cell cycle dependence has also been described 
[279].) 

The extent of the transformation-induced in- 
crease in cyclin (PCNA) levels ranges from ap- 
proximately 1.5-fold to 9-fold, and likely depends 
on the fraction of cycling cells [264,267,268]. Nor- 
mal human epidermal basal cells synthesized very 
low levels of cyclin (PCNA) (< 0.02% of total 
protein) compared to SV40-transformed kera- 
tinocytes (0.15%); unfortunately the degree to 
which these cells were proliferating was not re- 
ported [280]. Quail embryo fibroblasts that had 
been transformed with the myc-containing MC29 
virus displayed only a partially transformed phe- 
notype, being non-tumorigenic in nude mice, but 
contained significantly increased сусіп (PCNA) 
levels compared to untransformed fibroblasts. In 
contrast, cells that had been transformed with the 
sre-containing Rous sarcoma virus were tumori- 
genic and showed no increased cyclin (PCNA) 
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synthesis. The authors concluded that cyclin 
(PCNA) levels in this system correlated with cell 
proliferation and not transformation [281]. 

Тһе addition of serum, ЕСЕ or PDGF to 
quiescent cultures of mouse 3T3 cells induced a 
6—7-fold' increase in cyclin (PCNA) synthesis 
which either paralleled DNA synthesis or рге- 
ceded и by about 2 h [282]. Synthesis of cyclin 
was uncoupled from DNA synthesis in serum- 
stimulated cells when DNA replication was іп- 
hibited with aphidicolin or hydroxyurea; treated 
cells maintained high rates of cyclin synthesis, 
whilst in uninhibited cells the rate decreased 
dramatically as they left S phase [283,284]. 

Sequential changes in the nuclear distribution 
of cyclin (PCNA) during S phase have been ob- 
served [284,285]. Early S phase was characterized 
by immunofluorescent staining throughout the 
nucleoplasm but not in the nucleoli. As S phase 
proceeded the staining intensity increased, and 
prior to maximal DNA synthesis foci appeared in 
the pattern. The pre-focal stage of cyclin (PCNA) 
distribution was independent of DNA synthesis, 
but later stages required replication and an ap- 
parent redistribution to the nuclear periphery and 
nucleoli [276,285]. Since replication of nucleolar 
‘and heterochromatic DNA is restricted to late S 
phase in CHO cells [286], it may be that the 
pattern of cyclin (PCNA) distribution reflects the 
temporal order of DNA replication. The fluores- 
cence disappeared as cells left S phase, though this 
was not due to a disappearance of the protein 
from the nucleus, since it was shown to be stable 
in pulse-chase experiments [284]. This suggests 
that cyclin (PCNA) is modified or becomes incor- 
porated into structures that render it inaccessible 
to antibody molecules at the end of S phase. 


IVD. Secreted proteins 


Cells secrete proteins for several reasons. 
Fibronectin and procollagen are produced in order 
to create desired extracellular structures, whereas 
various polypeptide hormones and lymphokines 
are made to communicate signals to other ceils. 
Some transformed cells generate (autocrine) 
growth factors which act back on themselves to 
stimulate proliferation. Proteins destined for 
secretion, together with proteins destined to enter 


lysosomes or membrane structures, are synthe- 
sized with (usually) an N-terminal leader sequence 
(signal peptide) that, via an interaction with the 
signal-recognition particle, directs them into the 
Golgi system. Concomitant with a series of glyco- 
sylations and other modifications, the proteins 
pass through the Golgi and into secretory vesicles 
or lysosomes. Although most research in this area 
has been directed at elucidating the complexities 
of these pathways, there have been some investiga- 
tions into the effects of transformation and growth 
factors on secreted proteins. 

In this section we review what is known about 
selected secreted proteins. Some of the proteins 
have been studied as molecules with characteristic 
activities, whereas others have first been seen as 
labeled proteins in SDS-polyacrylamide gels. Many 
secreted proteins are produced under hormonal 
control, and their induction by growth factors or 
tumour promoters may result from partial over- 
laps in the pathways of gene activation under the 
control of each inducer. For example, prolactin 
gene transcription and prolactin production but 
not cell proliferation is induced by TPA, EGF or 
thyrotropin-releasing hormone in a rat pituitary 
cell line [287]. The secreted proteins considered 
here are ones for which regulation by factors that 
concomitantly induce cell proliferation has been 
demonstrated at the transcriptional, or at least 
pre-translational, level. Since cell proliferation im- 
plies the expansion of a population of cells into'a 
larger environment, 1t 1s not unreasonable that the 
production of proteins affecting the environment 
of the cell shows cell cycle regulation. 


ТУРІ. Major excreted protein (MEP) 

In 1978 Gottesman described a protein of M, 
35000 that was released into the medium in rela- 
tively large amounts (hence the name) by trans- 
formed murine fibroblasts [288]. Various im- 
mortal, untransformed lines (e.g. Swiss 313 cells, 
3T6 cells), as well as normal mouse embryo 
fibroblasts, produced MEP in lesser amounts, MEP 
is secreted by epidermal cells, both in culture and 
in vivo (in mouse skin) and in both cases the 
tumour promoter TPA enhanced production [289]. 
It is a glycosylated protein and carries the man- 
nose 6-phosphate recognition marker implicated 
in targeting proteins to lysosomes [290]. Growth 


factors and tumour promoters stimulate its pro- 
duction, at least in part by increasing transcription 
of the gene, and most transformed lines tested 
have higher levels of MEP transcripts than the 
non-transformed parent [158,291,292]. The 
PDGF-enhanced synthesis of the 1.8-kb MEP 
mRNA in density-arrested BALB/c 3T3 cells oc- 
curred 6-12 h after stimulation and was depen- 
dent upon prior protein synthesis [293]. Many 
transformed cell lines synthesized MEP constitu- 
tively and could not be induced to synthesize 
more in response to PDGF [158]. 

MEP (molecular weight revised to 39000) is 
processed intracellularly into two lower molecular 
weight forms (М, 29000 and 22000) [294]. Both 
are stable, although the M, 29000 form appeared 
to be more stable in untransformed cells than in 
NIH3T3 cells transformed with Kirsten virus. АП 
three forms partitioned in cell fractionation stud- 
ies with typical precursor and processed lysosomal 
enzymes; however, only the largest species was 
secreted. Immunofluorescence and electron micro- 
Scope immunocytochemistry revealed that the 
majority of the intracellular МЕР, was associated 
with mature lysosomes. The secreted protein was 
auto-activated at low pH and acquired the ability 
to cleave various proteins, including extracellular 
matrix proteins [295]. Retinoic acid reduced the 
amount of MEP secreted, perhaps by affecting 
glycosylation [296]. The sequence of a cDNA clone 
has revealed significant homology with several 
thiol proteinases, including mammalian cathepsins 
B and H [297]. 


IVD2. Mitogen regulated protein (MRP, proliferin) 

Nilsen-Hamilton et al. [114] first described a 
‘family of proteins’ released into the medium after 
stimulation of Swiss 3T3 cells with growth factors. 
Apparently a core protein of M, 22000 was glyco- 
sylated to a variable extent, resulting in a popula- 
tion of molecules ranging in M, from 30000 to 
38000. In contrast to MEP, transformation of 
‘immortal lines more often caused a reduction in 
the level of the secreted protein [114]; Swiss mouse 
embryo fibroblasts make no detectable MRP (Ed- 
wards et al., in preparation). Partial sequence data 
from a cDNA clone of MRP revealed that it is 
apparently identical to a prolactin-related protein 
called proliferin [130]. 
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Proliferin is the name applied to a protein 
produced by in vitro translation of a mouse mRNA 
whose abundance was enhanced by stimulation of 
quiescent cells with serum [125]. The mRNA was 
discovered via a cDNA clone (28H6, see section 
IIIA) that was picked out of a library because it 
showed differential hybridization to labeled СОМА 
made from RNA from quiescent and serum- 
stimulated cells [107]. The DNA sequence of the 
cloned message revealed substantial homology with 
mammalian pre-prolactins. The protein was found 
to be secreted as a glycoprotein in the fetal part of 
mid-gestational mouse placenta, and evidence for 
two different but related species of mRNA was 
obtained [298]. An antiserum raised against MRP 
immunoprecipitated proliferin (encoded by the 
cDNA and produced іп BSC-1 cells using an 
expression vector) but not prolactin. 

The amount of MRP and MEP released into 
medium after stimulation with growth factors is 
influenced by substances (monensin, chloroquine, 
ammonium chloride) that increase the intralyso- 
somal pH and thereby inhibit the hydrolytic activ- 
ities contained therein [300]. MRP secreted in the 
presence of the lysosomotropic agents appeared to 
be less glycosylated. Leupeptin and antipain (1n- 
hibitors of thiol-dependent lysosomal proteinases) 
and 3-methyladenine (an inhibitor of crinophagy 
— the degradation of secretory vesicles and their 
contents by lysosomes) also increased MEP and 
MRP levels 2-6-fold (Nilsen-Hamilton, personal 
communication) Although the presence of these 
proteins in secretory granules remains to be di- 
rectly demonstrated, it 15 reasonable to infer at the 
present time that one mechanism of regulation of 
their intracellular and secreted levels is, like pro- 
lactin, by crinophagy. A greater proportion (over 
80%) of МЕР than of МЕР appears to be secreted 
from cells. 


IVD3. Plasminogen activator 

Tissue plasminogen activator (t-PA) (М, 
65 000-70 000), found in serum, and an immuno- 
logically unrelated protein, urokinase (u-PA) (M, 
48 000-55 000), originally isolated from urine, are 
characterized by their ability to activate plas- 
minogen. They are serine proteinases, secreted in 
an inactive proenzyme form and often found in 
cell culture fluids complexed with an inhibitor, a 
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proteinase nexin. A variety of transformed cells 
produce plasminogen activators, or substances that 
can induce plasminogen activator production by 
normal cells [301]; the proteinase 1s thought to 
play a role in facilitating the invasion of tissues by 
tumour cells. Although the principal function of 
t-PA (when activated by fibrin) may be the con- 
version of plasminogen to plasmin, which 1$ re- 
sponsible for the dissolution of blood clots, it (or 
plasmin) has other activities also — including tis- 
sue remodeling and down-regulation of the epider- 
mal growth factor receptor [302]. Tumour promo- 
ters, various growth factors, concanavalin А, even 
DNA damage, have been shown to stimulate the 
production of plasminogen activator activities in а 
variety of cell types [303,304]. 

The stimulation of plasminogen activator syn- 
thesis by TPA results from an increase in the 
amount of its (translatable) mRNA as judged 
from translation іп Xenopus oocytes апа ге- 
ticulocyte lysates [305]. Secretion of an M, 48000 
mouse urokinase proenzyme by a murine sarcoma 
virus-transformed 3T3 line was enhanced by TPA; 
the 10-fold increase in production occurring 8—20 
В after stimulation correlated nicely with а 6-10- 
fold increase in the amount of urokinase mRNA 
[306]. Similarly, TPA increased the urokinase 
mRNA level in a human kidney carcinoma line 
[307]. It was not established whether the increased 
level of plasminogen activator mRNA resulted 
from increased transcription of the gene, en- 
hanced processing or transport of the mRNA, or 
prolongation of the life of the functional message. 

Тһе TPA-induced increase іп the t-PA mRNA 
in HeLa cells was prevented by cycloheximide; 
when inhibitor was added after the mRNA had 
begun to appear it reversed the process, suggesting 
that an unstable protein was required for the 
synthesis or stability of the mRNA [308]. In con- 
trast, other workers reported that the increased 
transcription of a pig kidney urokinase gene in- 
duced by calcitonin and vasopressin (presumed to 
act via stimulation of adenylate kinase) was not 
blocked by cycloheximide [309]. The TPA- and 
growth factor-induced stimulation of plasminogen 
activator synthesis appears to be indirect, perhaps 
mediated via changes in cAMP levels. Also, 
metabolites of arachidonate derived via а lip- 
oxygenase pathway have been implicated in the 
induction of plasminogen activator synthesis [310]. 


IVD4. Interleukin 2 

Interleukin 2 (IL-2), or T-cell growth factor, is 
produced by certain mature T cells after stimula- 
tion with appropriate antigens or lectins and is 
required for the proliferation of activated normal 
T cells. In the Jurkat human leukemic T-cell line, 
TPA plus phytohemagglutinin enhanced the rate 
of transcription of the IL-2 gene, and transcrip- 
tion was further enhanced by IL-1 [311]. Un- 
treated (unstimulated) cells, and cells treated with ' 
TPA or IL-1 alone, contained little, 1Ғ апу, mes- 
sage; however, levels of the message in PHA- 
stimulated cells were increased by each of these 
agents in an approximately additive manner. 

Inhibition of protein synthesis in PHA-stimu- 
lated lymphocytes with cycloheximide, pactomy- 
cin or sparsomycin caused superinduction of 11-2 
mRNA; these results support the argument that a 
labile protein regulates the formation of mature 
IL-2 mRNA [312]. Cyclosporin A inhibited the 
accumulation of IL-2 mRNA, possibly by de- 
stabilizing the message but more likely by interfer- 
ing with transcription of the gene [313]; in the 
activated lymphocyte, the induction by TPA of 
several proteins, including the colony-stimulating 
factor for granulocytes and macrophages (CSF- 
GM), was inhibited by cyclosporin [314]. 


IVD5. Collagen and collagenase 

Procollagens al and 22 are major high molecu- 
lar weight secretion products (M, respectively 
180000 and 150000) of many cell types, including 
fibroblasts. They are processed by specific pro- 
teinases to generate collagen, which plays a variety 
of structural roles in the organism. Collagen is 
degraded by collagenase, either during normally 
programmed remodeling events and wound heal- 
ing or in the course of various degenerative dis- 
eases. Procollagen mRNA levels did not vary 
greatly during the cell cycle of normal or 
transformed mouse fibroblasts in vitro [315,316]; 
if anything, they are relatively higher in quiescent 
cells. Synthesis of procollagen by the murine JB6 
epidermal cell line was inhibited at a pretransla- 
tional level by TPA [317]. TPA inhibited, and 
retinoic acid enhanced, the production of procol- 
lagen, likely by different routes [296]. PDGF in- 
creased the amount of collagenase-encoding 
mRNA in human skin fibroblasts, and the amount 
of secreted collagenase, 2-3-fold [318]. 


IVD6. Interferons 

This is not the place to review the literature on 
interferons, or even to discuss them 1n any depth. 
Rather we simply mention briefly some evidence 
suggesting that they may be involved in aspects of 
cell cycle regulation. (For review see Ref. 319.) 
Interferons are proteins secreted from cells 
(lymphocytes, fibroblasts) in response to mitogen 
stimulation or the appearance of intracellular dou- 
ble-stranded RNA, e.g. as the result of virus infec- 
tion. The transcription of the gene encoding inter- 
feron ıs substantially enhanced within 1-2 h of 
induction, apparently by the action of a pre-exist- 
ing factor modified by the inducer so that it can 
act on a transcriptional control element regulating 
the interferon gene [320]. Changes in chromatin 
structure both upstream and downstream of the 
mouse f-interferon gene have been detected after 
induction [321]. 

Most cells possess receptors for interferon, and 
the action of interferon on cells is mediated via 
the receptor. Interferon induces new gene expres- 
sion, as shown by the isolation of а number of 
cDNA clones corresponding to mRNAs whose 
abundance is enhanced by both transcriptional 
and post-transcriptional mechanisms [322—324]. 
Protein synthesis was not required. Genes encod- 
ing metallothionein II, histocompatibihty anti- 
gens, and guanylate-binding proteins have been 
shown to be induced [324—326]. Perhaps the best- 
known effect of interferon treatment 1$ the induc- 
tion of 2’-5’ oligo(A) synthetase and a double- 
stranded RNA-dependent protein kinase. The 
protein kinase phosphorylates key proteins in- 
volved in protein synthesis and inhibits translation 
of many mRNAs. The synthetase, after activation 
by dsRNA, polymerizes ATP into 2'-5'-linked 
oligonucleotides that in turn activate a latent 
ribonuclease that cleaves single-stranded RNA, 
both viral and cellular. Two proteins (M, 30000 
and 63000) whose secretion from mouse fibro- 
blasts was induced by B-interferon have been de- 
scribed [327]. 

Interferons can block mitogen-induced repli- 
cation of lymphocytes and fibroblasts. The expres- 
sion of certain genes, e.g. thymidine kinase, was 
inhibited and newly synthesized DNA appeared to 
be destabilized [328,329]. There was a decreased 
rate of c-myc transcription [36] and the half-life of 
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с-тус ВМА in Daudi cells was substantially re- 
duced within 3 h of exposure to interferon [35,330]. 
The induction of competence by PDGF treatment 
of quiescent bovine aortic smooth muscle cells, 
and the subsequent progression of the cells to S 
phase, were each separately inhibited by inter- 
feron [331]. We discuss in more detail in section 
VE the idea that elevated levels of interferon-in- 
duced functions are inhibitory to cell cycle pro- 
gression. 


V. Interrelationships of gene expression during the 
cell cycle 


At this early stage in the development of our 
understanding of gene expression during the cell 
cycle most investigations have been largely de- 
scriptive [3,5,10]. One can ask, for example, at 
what time during the cell cycle are particular 
Benes expressed, or at what time is the product 
encoded by a particular gene, defined for example 
by a temperature-sensitive mutation, required. 
More revealing, however, are studies that relate 
specific events to the action of specific genes. The 
most critical experiments, which fortunately we 
are now іп a position to attempt, will be to en- 
gineer the controlled expression (elevated or de- 
pressed) of specific genes under defined condi- 
tions and ascertain the consequences. 

It is self-evident that the ability of the mam- 
malian cell to enter the quiescent state is a sine 
qua non of our existence. We do not know how 
the cell accomplishes this. In cell culture cell-cell 
contact or the deprivation of nutrients or growth 
factors will push the proliferating cell into quies- 
cence, if not death. Exit from the quiescent state, 
which can be affected in different cells by things 
as diverse as transient exposure to high pH or 
proteinases, or to growth factors, is what much of 
the preceding material has been about. Cells leav- 
ing Су typically increase their capacity for RNA 
and protein synthesis 2—5-fold, and there is a 
significant increase in the polyadenylated mRNA 
species in the cytoplasm. 

If present indications are any guide, it will turn 
out that several pathways, or cascades, of gene 
expression will be discovered — the activation of 
one gene determining in turn the activation of a 
second. Normal cells require appropriate input 
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from the environment, whereas transformed cells 
may not, being somehow ‘constitutive’ for certain 
signals. Fluctuations in the intracellular con- 
centrations of key substances, or rate-limiting in- 
teractions with extracellular factors, may impose a 
stochastic nature on the overall process. 


VA. Cell cycle mutants 


A number of variant temperature-sensitive ro- 
dent cell lines have been isolated that at the 
restrictive temperature express a defect affecting 
only a particular stage in the cell cycle [5,10,334, 
335]. Although іп many cases the nature of the 
defect has not been elucidated, the simplest work- 
ing hypothesis is that they contain a mutation in a 
gene affecting (directly or indirectly) a function 
that is required only at a certain stage (or stages in 
a few cases) in the cell cycle. Cells of such a 
mutant placed under restrictive conditions are un- 
able to pass beyond the ‘point of arrest’ in the 
cycle; cells that have progressed past the 'execu- 
tion рош? (which is specific for the allele and can 
be different from the point of arrest) prior to the 
shift are not blocked [335]. 

The temperature-sensitive mouse cell cycle 
mutant 4585 arrests in late S or early G;. Both 
histone phosphorylation and the addition of 
ubiquitin to histone H2A were affected at the 
restrictive temperature [336]. Even more revealing 
was the finding that the enzyme responsible for 
activation of ubiquitin had an enhanced heat 
sensitivity [337]. Since the addition of ubiquitin to 
proteins is a signal for their degradation [338], a 
simple interpretation is that one or more protein 
species must be degraded via an ubiquitin-depen- 
dent pathway in order for the cells to pass through 
G,. The degradation of abnormal and short-lived 
proteins is substantially inhibited in this mutant at 
the restrictive temperature. 

The activity of DNA topoisomerase II 1s af- 
fected by the temperature-sensitive lesion in the 
tsA1S9 mouse cell mutant; evidence that the pro- 
tein itself is affected came from the altered sensi- 
tivity of the cells and the enzyme to novobiocin 
[339]. At the restrictive temperature this mutant 
was unable to proceed through S phase, and al- 
though considerable DNA synthesis occurred, the 
DNA that was synthesized was not joined into the 


very large molecules normally made. 

The Syrian hamster cell mutant tsAF8 has а 
lesion in RNA polymerase П [340-342]. Starting 
either from G, or from mitosis, this mutant is 
unable to progress much beyond mid-G,, ap- 
parently because there is an obligatory require- 
ment for transcription at that point. This result 
clearly establishes a requirement for gene tran- 
scription in order for normally cycling cells to 
progress through G, and into S. The nature and 
function of these genes are of critical importance. 
It is of interest that the cells continue to grow in 
size at the restrictive temperature for at least 36 h 
[133]. 

DNA polymerase a арреагѕ іо be altered in the 
mouse FM3A mammary carcinoma mutant 
tsFT20 [343]. After a shift to the nonpermissive 
temperature there was a substantial reduction in 
the rate of synthesis of DNA (but not RNA or 
protein). The DNA synthetic activity in partially 
purified preparations of DNA polymerase a from 
the mutant was also temperature-sensitive. The 
cells arrested in G,/S or S phase and rapidly lost 
viability; there seemed to be an impairment in the 
ability of the cells to exit G, also. An attempt to 
isolate a temperature-sensitive DNA polymerase a 
mutant by isolating aphidicolin-resistant mutants 
at 33.5? C and looking for cells deficient in DNA 
synthesis activity at 39.5°С yielded mutants with 
a temperature-sensitive thymidylate synthetase in- 
stead [344]. 

Two other mutants with defects in DNA- 
synthesizing ability were isolated from the same 
FM3A line. These аге the mutants 15131 [345] 
and ts T244 [346]. When transferred to the nonper- 
missive temperature the cells rapidly reduced their 
rate of DNA synthesis and mostly accumulated in 
late S/G,. The rate of chain elongation was re- 
duced, and there was a loss of DNA polymerase 
activity from the nucleus. However, the in vitro 
DNA synthetic capacity of either variant line in 
crude extracts was not temperature-sensitive. 

Two DNA synthesis temperature-sensitive 
mutants derived from hamster cells are tsBN-2 
[347] and 8 C8 [348]. DNA fiber autoradiography 
suggested that the former mutant was impaired at 
the restrictive temperature in its ability to initiate 
new терісопв but not in its ability to continue 
chain elongation; passage through S phase, and 


perhaps entrance into $, was blocked. Although 
1$C8 showed some of the same properties as 
ts ВМ-2, it did not (unlike ts BN-2) undergo prema- 
ture chromosome condensation at the restrictive 
temperature. There is evidence that the 15ВМ-2 
product post-transcriptionally regulates the 
synthesis of an M, 35000 protein (cyclin?) that is 
responsible for chromosome condensation in late 
С, [349,350]. Complementation studies have re- 
vealed that at least four or five different CHO 
mutants defective in DNA synthesis exist [348], 
but it is not known if any of these affect genes 
important in cell cycle control. 

Chen and Wang [351] have divided the G, 
period into six segments (Fig. 4А) by relating the 
execution point of three different temperature- 
sensitive Syrian hamster cell cycle mutants to the 
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arrest points in G, induced by serum starvation, 
by isoleucine deprivation and by hydroxyurea 
treatment. On the basis of differences in the. mor- 
phology of prematurely condensed chromosomes, 
four temperature-sensitive С, mouse 3T3 mutants 
were mapped to different points іп G, [352]. Al- 
though these studies are useful in that they de- 
termine the time of action of specific gene prod- 
ucts in G,, they аге not informative with regard to 
the function of the gene product. 

A more informative approach is typified by the 
successful complementation of the cell cycle 1524 
mutant phenotype by microinjection of mRNA 
fractionated on agarose gels, indicating a require- 
ment for a 0.9-kb mRNA [353]. This will make it 
possible to identify the gene product involved and 
will eventually permit genes identified by #5 mu- 
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Fig. 4. (A) Map of the G, penod (adapted from Ref. 351). The location of the apparent arrest points of the three temperature-sensi- 
tive CHO mutants 694, 559 and 550C are indicated. 15694 arrests very early 1n. G,, apparently before the point of arrest in 
serum-deprived conditions. Midway through С, 1s a point at which cells can be arrested by isoleucine deprivation; this may 
correspond more or less to the ‘В’ restriction point, where efficient protein synthesis is required The block imposed by hydroxyurea 
and thymidine deprivation 1s likely in early $ phase (В) Approximate ішпе of expression, after serum stimulation of quiescent cells, 
of the mRNAs identified by various cDNA clones discussed in the text There 1s considerable overlap between the numbers of 
various groups, and there 1s likely to be considerable cell-to-cell variation in the time at which some genes are expressed. 
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tations to be compared to genes identified by 
cDNA clones of mRNAs that evince a cell cycle- 
dependent expression. It does not necessarily fol- 
low, however, that a mutation affecting progress 
through the cell cycle (a defect in any essential 
gene could do this) will be in a gene expressed 1n a 
cell cycle-dependent fashion. 

Liu, Baserga and collaborators have pioneered 
the strategy of using cDNA clones of cell cycle-de- 
pendent genes to investigate gene expression in 
temperature-sensitive cell cycle mutants [354]. 
They chose to study the expression of dhfr and 
TK in the RNA polymerase Il-altered tsAF8 
mutant and in 1513. The latter mutation, which 
affects ап unknown function, has an execution 
point several hours prior to S. The increase in dhfr 
and TK mRNA, as well as histone mRNA and the 
transcript corresponding to the cell cycle-depen- 
dent clone 2А8 (section ПА), that normally occurs 
in serum-stimulated cells did not occur in either 
mutant at the nonpermissive temperature. 
Astonishingly, dhfr enzyme activity increased nor- 
mally in і5АЕ8 but not 1513 at the nonpermissive 
temperature. The authors attribute this to an in- 
creased stability of the mRNA and suggest that 
this enzyme (or its mRNA) is under both serum 
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RNA LEVELS OF VARIOUS GENES AND cDNA CLONES 
IN G,-SPECIFIC ts MUTANTS OF THE CELL CYCLE 
(ADAPTED FROM REF 354) 


p3C5 and p4A3 are clones that identify mRNAs in the hamster 
ts K12 line that are induced by certain types of stress (high 
temperature, glucose deprivation). The other genes and cDNA 
clones are described in the text. Т, increase; =, no change 
from Gg; |, decrease from Су. pt and прі, permissive and 
nonpermissive temperature 








Gene or Cell Expression at Ref 
cDNA clone им пм 

р2Р1 1513 1 early б 1 108 
p4F1 ts13 1 early б T 108 
p2A8 1513 1 early б, - 108 
p2A9 1513 1 mid-G, T 354 
TK 1513 1 late G, == 354 
Histones 15АЕ8 t G,/S boundary = 181 
dhfr 1513 1 $ рһазе = 354 
p3C5 K12 LG, T 384 
p4A3 K12 LG, t 384 





and cell cycle control. Some of their data are 
summarized in Table II. 


VB. Timing of gene induction 


The transition from the quiescent, non-pro- 
liferating state to the ‘active’ cell cycle, and to a 
lesser extent the passage of cycling cells through 
G,, is accompanied by temporal patterns of 
activation of specific genes. Expression of these 
genes at a higher level is achieved via either 
elevated transcription or altered post-transcrip- 
tional processing, or both, generating increased 
numbers of their transcripts in the cytoplasm. 
Changes in mRNA stability are also important. 
Several different mammalian cell types (e.g. hu- 
man, mouse, hamster) show similar patterns of 
activation of genes. Fig. 4B presents a classifica- 
tion of various mammalian cell cycle genes on the 
basis of the timing of their induction during the 
Со to S phase transition. They are grouped accord- 
ing to the time of maximal transcript abundance, 
but taking into account the timing of transcrip- 
tional activation also. 

Тһе proto-oncogene c-fos is one of the first 
genes to be activated, showing increased transcrip- 
tional activity within minutes of stimulation of 
quiescent cells [20,56], followed by a rapid in- 
crease in c-fos mRNA and protein [55]. In mouse 
fibroblasts the activation of c-fos preceded that of 
another protooncogene, с-тус [20]. c-myc is the 
prototype group II gene. Its activation precedes 
that of с-газН and c-ras*, which may be required 
for later events in the progression to DNA synthe- 
sis [355]. The genes KC [106] and 4F1 [108] join 
c-fos as members of group I since their activation 
preceded that of c-myc [18,128]. Although 8-асип 
synthesis increased within 15 min of serum stimu- 
lation of quiescent 3T3 cells, nuclear ‘run-off’ 
experiments revealed that activation was biphasic, 
decreasing from an initial peak at 30 min, then 
increasing to a second maximum at 2 h [20]. The 
significance of this early, rapid burst of transcrip- 
tion is uncertain in view of the fact that the 
concentration of actin transcripts and actin 
synthesis were maximal in mid G,, 4-6 h after 
serum stimulation [19,155]. The cytoplasmic accu- 
mulation of 8- and y-cytoskeletal actin, as well as 
transcription of their genes, is rapidly stimulated 


in AKR-2B mouse embryo cells by ЕСЕ or 
cycloheximide, and even better by both together 
[356]. 

The major distinction between genes in groups 
III and IV and the ‘early’ genes in groups I and II 
is the sensitivity of their induction to inhibitors of 
protein synthesis [357]. Exposure to cycloheximide 
causes the content of poly(A) mRNA roughly to 
double over a 2-h period at any point after 
serum-induced proliferation of quiescent 3T6 cells 
[358], so changes in transcript abundance are best 
normalized to the poly(A) mRNA components. 
АП of the group Г and II genes are induced or 
superinduced when cycloheximide is added along 
with the growth factors, indicating that these genes 
are activated as a primary consequence of growth 
factor stimulation. The genes in groups III and IV 
require protein synthesis for their full induction, 
at least in the cells tested, suggesting that the 
synthesis of specific activators of gene expression 
is a prerequisite for early G, transit. The level of 
the transcripts of some genes (p53, MRP, histone), 
once induced, may be increased by cycloheximide 
because of effects on labile inhibitors or mRNA 
stability. Cycloheximide also superinduces a num- 
ber of mitogen-induced secreted proteins [358a] 
and dsRNA-induced proteins, including interferon 
[3586]. 

The cDNA clone 49С8, which detects a family 
of short RNA polymerase III-derived transcripts 
from the family of mouse repetitive elements 
known as B2, does not fit the pattern. These 
RNAs could be induced by addition of cyclo- 
heximide to quiescent Swiss 373 fibroblasts, and 
their levels 6 h after serum stimulation were dou- 
bled when cycloheximide was present along with 
the mitogen [110]. By this criterion they should be 
placed in the ‘early’ gene groups; indeed their 
transcript abundance in some experiments (e.g. 
Fig. 2) appeared to decrease prior to entry of cells 
into S phase. The timing and extent of induction 
of these transcripts may depend critically on the 
state of quiescence of the cells prior to stimula- 
tion. 

Assignment of the various genes to different 
groups based on the precise times at which their 
cytoplasmic mRNA concentrations peak should 
be considered tentative -because of variations in 
the cells and synchronization protocols used in 
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different laboratories. In ош laboratory, using 
subconfluent cultures of Swiss 3T3 cells that have 
been made quiescent in medium containing 0.5% 
serum, we observe that 16C8 transcript levels gen- 
erally peak before those of MRP, 49C8 and 5B10, 
and at around the same time as the actin maxi- 
mum [19,110,130,155]. Some group ІП genes (e.g. 
MRP (proliferin), 49C8, c-ras and p53) show по 
peak accumulation of mRNA followed by a de- 
cline, but maintain a high induced level throughout 
the cell cycle [101,110,130,355]. 


VC. Control points during the cell cycle 


Two aspects stand out concerning the Су to S 
phase transition. Firstly, as discussed above, there 
are obvious temporal patterns of gene expression, 
and, secondly, there are distinct control points 
defined by requirements for external signals that 
punctuate the transition. These, and points de- 
fined in cycling cells, are illustrated in Fig. 5. 

The first control point is the induction in бо 
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Fig 5 Cell cycle control points in BALB/c 3T3 cells (adapted 
from Ref 366) The outer circle represents the cell cycle іп 
exponentially growing cells (all required growth factors - 
PDGF, IGF-1 and EGF іп this specific case - and nutrients 
present). In the absence of required growth factors or certain 
nutrients (or space to expand 1nto) cells leave the cycle, usually 
somewhere in mid-to-late G, before В or W, to enter the 
quiescent state Gg Cells, peripheral blood lymphocytes for 
example, can remain іп Со for long penods under favorable 
conditions Growth factors or conditions required to pass 
restriction points are indicated in brackets Two signals, one 
dependent on R, the other on W, are required to imtiate DNA 
synthesis; the two parallel lines indicate the fact that these 
control points, both of which must be passed, can be reached 
independently of each other Duration of cell cycle segments 
аге not to scale, but approximate times 1n hours are indicated 


112 


fibroblasts of a state (often called competence) 
that allows the cells to respond to additional fac- 
tors, sometimes called progression factors. The 
state of competence in normal fibroblasts can be 
induced by PDGF, FGF, calcium phosphate, or 
even cycloheximide (Refs 157 and 359; and 
Baserga, R., personal communication) in B 
lymphocytes, antigen or lipopolysaccharide pro- 
vides a competence-inducing signal [360]. Various 
changes have been observed when competence is 
induced, such as increases in the levels of several 
mRNAs, including c-fos and c-myc (Refs. 18-20, 
53, 55, 64; see section IIA); c-myc has been put 
forward as an intracellular mediator of the 
PDGF-induced competent state [22]. The М, 
20000 myosin light chain was phosphorylated and 
microfilament bundles were disrupted within 5 
min of PDGF addition [361]. The cellular protein 
kinase ррб0%%7% was modified, probably by phos- 
phorylation [362]. The competent state, whose in- 
duction was blocked by inhibitors of RNA but not 
protein synthesis, was moderately stable after re- 
moval of the inducing factor, and could be 
transferred to other cells via cytoplasts [363]. 
Neither maintenance of the competent state nor 
progression through G, required high level expres- 
sion of c-myc or c-fos [364]. In cycling cells the 
induction of competence occurred during the pre- 
ceding growth cycle [365]. 

About half-way through the G, period of 
serum-stimulated quiescent fibroblasts is a point, 
the V point, beyond which cells deprived of key 
nutrients or growth factors are unable to proceed 
[366]. Cells can reach this point in less than opti- 
mal conditions as long as they have been stimu- 
lated to progress by EGF and IGF-1 (somatome- 
din C; hyperphysiological concentrations of in- 
sulin also function) [367]. Progression to the V 
point in part involves the augmentation (indepen- 
dently of whether the cells have been made com- 
petent) of the protein-synthesis capacity of the cell 
[368,369]. That part of G, prior to V is mostly 
unique to the G, period of stimulated quiescent 
cells. Beyond V, in that part of G, that is common 
with the G, period of cycling cells, only IGF-1 
and conditions that support efficient protein 
synthesis appear necessary. New gene transcrip- 
tion is required, whereas late in G, IGF-1 mainly 
influences post-transcriptional events [366]. In B 


lymphocytes, progress beyond the first restriction 
point requires alpha-type B-cell growth factors 
[360]. 

W ‘is an unstable point immediately before S 
phase at which cells can be arrested when de- 
prived of growth factors, likely IGF-1 [366,367]. 
Some 2 h before S phase, at a point called the 
restriction (R) point, cells appear to commit them- 
selves to enter S [66,161]. Rapid protein synthesis 
and growth factors are required before, but not 
after, R. It may be that at thus time the concentra- 
tion of a labile and critical, but as yet hypotheti- 
cal, protein has built up to the extent required for 
final entrance into S [160,367]; or requisite multi- 
enzyme complexes have been assembled. Transi- 
tion into and through S phase is also dependent 
upon an adequate supply of histones. The relation 
of points like V or R to transitions like Ko or КА 
is not known. Transformed cells, which are gener- 
ally unable to enter the quiescent state, do not 
exhibit an exogenous requirement for a com- 
petence-inducing signal and do not have an obvi- 
ous restriction point. 

The concepts of competence, progression and 
restriction point have been derived from an ex- 
perimental system in which serum-starved con- 
fluent BALB/c 3T3 cells were stimulated to syn- 
thesize DNA by adding fresh medium with a 
higher serum content [359,366]. Attempts have 
been made to compare this organization of growth 
factor requirements to other cells and culture con- 
ditions. Much evidence exists to suggest that such 
comparisons may not apply in detail. Thus signifi- 
cant variations in the temporal organization of 
growth factor action have been noted for quies- 
cent subconfluent Swiss 3T3 cells cultured in a 
defined (serum-free) medium [370]. FGF or PDGF 
stimulation for 1 h permitted efficient entry into S 
phase. It may be that inhibitory components in 
serum or plasma impair key processes. CH3 
10T1/2 cells responded to EGF as the sole mito- 
gen, but PDGF potentiated their sensitivity to 
that factor [371]. In mitogenesis assays with Swiss 
3T3 cells there is a marked synergism between two 
groups of agents: those that elevate intracellular 
cAMP and -those that activate protein kinase С 
[371a]. 

T lymphocytes are similar to BALB/c fibro- 
blasts in that they require two signals for entrance 


into S phase, but differ from them in (һе nature of 
the restriction point and the patterns of gene 
expression caused by each growth factor. The Gy 
to G, transition in T cells is controlled by antigens 
or mitogenic lectins that concomitantly induce cell 
surface IL-2-receptor expression (not found in 
fibroblasts) and c-myc mRNA accumulation 
[372,373]. Cell surface IL-2-receptor levels were 
the critical restriction point that controlled entry 
into S phase after appropriate IL-2 stimulation 
[372]. T cell c-myc accumulation was induced by 
IL-2 [373], whereas the second mitogenic signal 
for BALB/c fibroblasts (EGF) had little effect on 
its expression after the competent state had been 
established [364]. Thus, the rate-limiting steps dur- 
ing С, and the ability of individual growth factors 
to control those steps might be a function of each 
cell type and culture condition. Although the 
pathways leading to DNA synthesis must have 
underlying similarities at the molecular level in all 
cell types, it may not be apparent from the per- 
spective of the timing and specificity of growth 
factor requirements. 


VD. Intracellular metabolites that may orchestrate 
cell cycle events 


Besides labile proteins and second messengers 
such as cyclic nucleotides, what do we know about 
intracellular, molecular events that could possibly 
be related to some of these control points? Among 
compounds implicated in cell cycle events are 
polyamines, calcium, Ap,A and mevalonic acid. 

As discussed in section IVB4, polyamine 
synthesis is essential for progression through the 
cell cycle, and the role of ornithine decarboxylase 
was reviewed there. Another essential enzyme in 
polyamine synthesis is S-adenosylmethionine de- 
carboxylase, which can be inhibited by methyl- 
glyoxal bis(guanylhydrazone) (mGBG). Serum- 
stimulated quiescent fibroblasts have been shown 
to be blocked about 4 h before S phase in the 
presence of mGBG, somewhere between V and 
W; progression into 8 after removal of the inhibi- 
tor required only activation of the IGF-1 receptor 
[374]. Іа. the inhibited cell, protein synthesis was 
reduced (cf. Ref. 263a) and the levels of spermine 
and spermidine were decreased while that of 
putrescine was increased. The induction of 
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thymidine kinase in rat embryo fibroblasts was 
blocked provided that mGBG was added within 3 
h of the serum [259]. 

Calcium deprivation in roughly the first half of 
а, also prevented serum-induced thymidine kinase 
induction in rat cells, apparently acting at a later 
stage than polyamine deprivation [259]. Calcium 
of course is an essential cell constituent required 
for many diverse processes; transformed cells often 
evince a diminished requirement [375]. In human 
WI38 fibroblasts Ca?* was required for the transi- 
tion out of quiescence and for progression [376]. 
Са?* action 1s usually modulated ма calmodulin, 
whose level is minimal in G, and increases when 
cells enter S or Go. Calmodulin antagonists pre- 
vented cells both from leaving Су and from com- 
pleting a normal cell cycle [377,378]. Very rapidly 
after the addition to fibroblasts of PDGF or serum, 
but not other growth stimulants, including EGF, 
TPA and insulin, there was a decrease in the cell’s 
total calcium content and an approximate 3-fold 
rise in the concentration of free intracellular Ca?*, 
apparently released from internal stores [379,380]. 
Further into G,, there was a decrease in the 
content of both calmodulin mRNA and the pro- 
tein itself, followed by an increase some hours 
later and just preceding entry of the cells into S 
phase [378]. However, the calmodulin content nor- 
malized to total soluble protein did not vary dur- 
ing the cell cycle, encouraging the authors of a 
recent review to conclude .that changes in 
calmodulin levels did not play a causative role in 
cell cycle regulation [375]. Its role as an essential 
mediator was not challenged. 

Two known proteins provide a precedent for 
the regulation of gene expression by the con- 
centration of calcium ions [381,382]. These pro- 
teins (M, about 100000 and 80000) have been 
designated GRP94 and GRP78 by Lee et al. be- 
cause their levels were regulated by glucose (as 
well as by Ca?*) [383]. Stress, nutrient (especially 
glucose) deprivation, exposure to calcium iono- 
phores, or maintenance of the cell cycle mutant 
K12 at the nonpermissive temperature enhanced 
the abundance of the proteins and their mRNAs 
in the cell [384]. Nuclear ‘run-off? experiments 
showed that the increase was largely due to an 
increase in their rate of transcription in cells ex- 
posed to the calcium ionophore 4423187 [383]. A 
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role for calmodulin in the induction of these genes, 
and their involvement in cell cycle phenomena, 
remains to be established. 

Diadenosine 5’,5’” -Р!, P^-tetraphosphate 
(Ар, А) 1s formed in the back-reaction of the first 
step in protein synthesis, the activation of amino 
acids by aminoacyl-tRNA synthetases. Since its 
molecular structure is very similar to ATP, it 1s to 
be expected that it will have numerous effects 
mediated via interactions with proteins able to 
bind ATP. Not only does its intracellular con- 
centration correlate. with the proliferative state of 
cells but also it binds tightly to DNA polymerase 
a and is capable of priming DNA replication in 
permeabilized nuclei (see Ref. 385 for review). 
Grummt and collaborators [386] have made a 
thorough study of the changes in Ap,A levels 
during the cell cycle and have argued strongly for 
its role as a second messenger crucial to the ini- 
tiation of S.phase. Intriguingly, inhibition of DNA 
(and protein) synthesis by interferon or сусіо- 
heximide was accompanied by decreases in the 
size of the Ap,A: pools. We wonder whether any 
of the phenomena that have been attributed to a 
hypothetical ‘labile’ protein may instead be due to 
a decrease іп the Ap, А concentration. 

Hydroxymethylglutaryl-coenzyme A (HMG- 
CoA) reductase, the enzyme that catalyses 
mevalonate synthesis, is required for entrance into 
and passage through S phase. That it is the defect 
in mevalonic acid synthesis that is the problem 
was shown by the fact that mevalonic acid, or 
isopentenyladenine (synthesized from mevalonate), 
could overcome the block to DNA replication 
induced by blocking HMG-CoA reductase with 
the competitive inhibitor compactin [387,388]. 
: Mevalonate also reversed the block to DNA repli- 
cation induced by nalidixic acid. Mevalonate is a 
key intermediate in the synthesis of 1зорещепу] 
pyrophosphate, which in turn is the precursor of 
numerous important compounds, including iso- 
pentenyl-tRNA and cholesterol. Cholesterol 
seemed to be required, at least under some condi- 
tions, in early G,, whereas the *isopentenyl effect’ 
was restricted to mid-to-late G, [389,390]. Sinen- 
sky and Logel [391] һауе studied а CHO mutant 
with a defect in mevalonate synthesis and found a 
close correlation between the decay in the ability 
to synthesize DNA and the loss of 


mevalonate-labeled (e.g. terpenylated) proteins. 
Possibly an isoprenoid-modified protein [392] is 
essential for progression past a restriction point in 
бі. 


РЕ. Pathways of gene activation апа deactivation 


At this point it is tempting to speculate about 
possible cascades of gene activations that control 
the G, to S phase transition. The early growth 
factor-inducible genes may encode functions that 
in turn activate additional genes, for example those 
in group IV. The products of the group I and II 
genes c-fos and c-myc are both nuclear proteins, 
and both myc and adenovirus transformation pro- 
tein EIA, which are able to immortalize cells 
[97,393], are known to induce the transcription of 
cellular genes, including the M, 70000 heat-shock 
protein [164,394,395]. The requirement for protein 
synthesis for induction of the group III and IV 
genes by serum (Fig. 4B) may reflect a require- 
ment for specific trans-activating transcriptional 
factors that are the products of group I or П 
genes. 

A cascade of gene expression may be controlled 
by B-interferon. The transcript of this growth-reg- 
ulatory protein accumulates in direct response to 
PDGF in BALB/c fibroblasts [396] and the pro- 
tein is secreted into the medium during the С, 
phase of cycling primary cells [397]. The secreted 
protein presumably interacts with its cell surface 
receptors in a manner similar to exogenously ad- 
ded interferons and activates a number of genes. 
Activated genes include those encoding 2’- 
S^oligo(A) synthetase [330,396], metallothionein-II, 
class I HLA [326], and several proteins of un- 
known function [322-324]. The timing of inter- 
feron addition 1$ an important aspect in such 
responses, since addition to quiescent cells at the 
same time as PDGF reduced accumulation of 
c-myc, c-fos, ODC апа ф-асап mRNAs [398], 
while in cells pre-treated for 48 h with interferon, 
c-myc, JE and KC mRNAs were slightly *superin- 
duced’ by PDGF [399]. Poly(rI - rC) induction of 
the interferon f, gene in human fibroblasts was 
similarly controlled by previous interferon treat- 
ment, and the ‘priming’ effect was shown to be 
the result of increased transcription [400]. Tran- 
scriptional modifications under the control of in- 


terferon appear to underlie some of these changes 
in mRNA levels, but post-transcriptional regu- 
lation could also be important. 

The identities of intracellular components in- 
volved in the regulatory events that increase the 
cytoplasmic concentrations of particular. mRNAs 
in these putative cascades of gene inductions are 
unknown. It is thus ironic that a mechanism has 
been discovered for repressing the expression of a 
class of genes; this is inferred from the cell cycle- 
associated variations in the activity of the 2- 
5'oligo(A) synthetase--RNAase L pathway in syn- 
chronized cells. Activation of this pathway sets up 
a process for the degradation of specific mRNAs 
and can therefore function as'a feed-back regu- 
latory loop to control the levels of growth-regu- 
lated transcripts. The members of this pathway 
include the double-stranded RNA-activated en- 
zymes responsible for synthesis and degradation 
of ppp(A2’p),,A-— the synthetase and a specific 
phosphodiesterase that are induced by f-inter- 
feron. | 

The only known function for ppp(A2’p),,A is 
to bind to and activate the 2'-5'(A),-dependent 
RNAase (reviewed in-Ref. 319). RNAase levels 
rose about 2-fold during transition from G, to S 
in synchronized murine fibroblasts [397] and 
'elutriated' HL60 cells [401] as measured by 
ppp(A2’p),, A-analogue.binding experiments. Even 
though the activity of the 2’-5’oligo(A) synthetase 
rose as much as 10-fold [397,402] and that of the 
phosphodiesterase declined, the amount of 2’- 
5'oligo(A) in cell extracts remained below detecta- 
ble limits. Be that as it may, the ability of the 
activated RNAase to degrade mRNA [403,404] 
could account for increased c-myc mRNA de- 
gradation аНег.НТ.60 cells are treated with inter- 
feron [31]. It has been suggested that double- 
stranded regions of the 5' end of the с-тус mRNA 
stimulate the activity of the synthetase [330], and 
с-тус may be subject to the same control during 
the cell cycle. 


‚ The increase in interferon activity in the culture , 


medium of cycling G,-phase cells elicited activa- 
‘tion of the 2/-5'oligo(A) synthetase, since inter- 
feron-specific antibodies added to the medium 
reduced synthetase levels in both G,- and S-phase 
cells [397]. Similar antibody inhibition experi- 
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ments have prompted the hypothesis that exter- 
nalization of an interferon-like molecule may 
mediate DNA synthesis termination during the 
cell cycle [402]. It seems that a growth-regulatory 
system originally discovered by virtue of its ability 
to confer an anti-viral state is in fact an integral. 
part of cell cycle gene regulation. 

We have applied the term cell cycle gene to all 
of the genes described іп Fig. 4. Some of them 


‘have been studied in exponentially growing cells 


that have been fractionated into cell cycle stages, 
usually by the process of centrifugal elutriation. 
To date, the only genes that evince cell cycle 


‚ regulation in such exponentially growing cells ap- 


pear to fall into group IV, i.e., c-myb, the histones 
and the enzymes of DNA metabolism. Levels of 
transcripts corresponding to с-тус [23-26], 16C8, 
49C8(B2), MRP (proliferin) and MEP (our unpub- 
lished observations) show no periodic maxima in 
cycling cells. Obviously, many of the early G,- 
specific events that occur as cells exit the quies- 
cent state are specific to that process and ap- 
parently are not temporally regulated in exponen- 
tially growing cell populations. 

The lengthy process ‘L’ that cells enter when 
they pass K (see Fig. 1) may represent the dupli- 
cation of mitotic centers [8]. The kinetic analysis 
suggests that in cycling cells ‘L’ need not occur at 
a fixed time relative to mitosis, so that in a popu- 
lation of cycling cells those cells in, say, $ phase 
can consist of cells that are at different positions 
in L, or perhaps not in L at all. In other words, 
there may be considerable ‘slippage’ allowed in 
the timing of Г. relative to the replicative and 


· growth cycles. However, centriole duplication and 


deciliation occur near the G,/S boundary [405]. 
According to the ‘two-transition’ model, cells are 
synchronized for passage through L when they 
come out of quiescence, hence some of the new 
gene expression seen when quiescent cells are 
stimulated, but not observably synchronized in 
normally cycling cells, may reflect events in L. 
The enhanced gene expression seen as cells leave 


- бо also includes the ‘gearing-up’ for an overall 


increase in the rate of protein synthesis and other 
anabolic processes as well as the production of the 
products of ‘house-keeping genes’ required by су- 
cling cells but not quiescent cells. 
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We are beginning to characterize genes such as 
fos, myc, and ras that are regulatory, in the sense 
that they control expression of other genes, as 
opposed to those (which may be regulated in a cell 
cycle-dependent fashion) that produce a product 
required at only one stage in the cell cycle for 
functional but not regulatory purposes (e.g. his- 
tones, dihydrofolate reductase and thymidine syn- 
thetase). A principal objective of present-day re- 
search is to find out whether the less well-char- 
acterized genes are regulatory or operative compo- 
nents in the proliferative cascade, and to dis- 
tinguish them from genes whose ‘induction’ is 
gratuitous and has nothing to do with progress 
through the cell cycle. Initial efforts in this direc- 
tion have involved classification of these genes 
into regulatory ‘families’ defined by their response 
to specific perturbations, such as temperature-sen- 
sitive mutations or deprivation of essential in- 
ducers / mediators. ,This type of analysis plainly 
establishes functional separation of early G, gene 
expression from late G, gene expression. Induc- 
tion of TS and TK synthesis appears, like DNA 
synthesis, to correlate with the presence of a labile 
protein postulated to accumulate in normal cells 
after serum stimulation and whose continued 
synthesis is necessary for G, progression [258]. 
Key questions include the nature of labile regu- 
latory elements and the level of regulation - 
whether transcriptional or post-transcriptional. 

Transformed cells are of particular interest be- 
cause of the fundamental changes associated with 
the transformed phenotype and the belief that 
altered regulation of cell cycle-dependent gene 
expression is likely to play a pivotal role in aber- 
rant growth control. Thus the proto-oncogene c- 
myc has been thoroughly studied in many tumours 
and tumour-derived cell lines. The events leading 
to its activation have been ascribed to retroviral 
promoter insertion events near the gene or to 
translocation and truncation events within the ge- 
nome (see Ref. 17 for a review). Some studies have 
also revealed elevated and/or constitutive c-myc 
expression in tumours without any detectable gene 
rearrangements [51], and in cell lines transformed 
by chemicals [19] or Rous sarcoma virus [405a], 
indicating that c-myc is responsive to alterations 
in regulatory factors. 


In one study, three of five cell cycle-dependent 
genes examined appeared to be expressed in an 
altered manner in human leukemias [129]. Elevated 
expression of the B2 repeat sequence and the 
VL30 retrovirus-like family occur in mouse cells 
after mitogen stimulation [110,150] or SV40 trans- 
formation [141,153]. Malignant transformation by 
a variety of retroviruses or retroviral oncogenes 
increased the level of the transcripts for MEP, a 
secreted glycoprotein [291,292] and an unidenti- 
fied transcript, pTR1 [147]. Elevated expression of 
proliferin (MRP), a mitogen-induced member of 
the prolactin-growth hormone family, may be lin- 
ked to the acquisition of 1mmortality by murine 
fibroblasts [130,297]. Two cell cycle-dependent 
oncogenes, p53 and activated c-myc, can cooper- 
ate with the ras oncogene, presumably by confer- 
ring immortality, to establish tumorigenic lines of 
normal diploid cells [93,97]. Normal diploid 
chondrocytes may also be immortalized by the 
inappropriate expression of the p53 product [96], 
and the FBR-MuSV p75gag-fos protein induced 
establishment in about one-third of diploid 
fibroblast transformants [406]. 

Evidently a number of the cell cycle-regulated 
(proto-onco) genes are associated with dominant 
altered regulatory mechanisms in certain trans- 
formed cell lines. Complementation studies, on 
the other hand, suggest that many of the ‘muta- 
tions’ conferring malignancy in human cells are 
recessive in nature [407]. It is important therefore 
to learn more about the less well-characterized 
and still undiscovered cell cycle-regulated genes so 
that we may eventually comprehend the prolifera- 
tive process. By employing transformed cells as 
regulatory mutants (or variants) of growth factor- 
induced gene expression, not only can we obtain a 
better understanding of the extent to which gene 
expression 1s co-ordinated during the cell cycle, 
but also we can elucidate those changes in gene 
expression that contribute to the transformed phe- 
notype. Studies designed to uncover how the regu- 
lated expression within this group of genes is 
disrupted should eventually lead to a coherent 
picture of the ways іп which somatic cells lose 
control of their growth and the consequences these 
changes have for cellular behavior. 

Although DNA sequence analysis has provided 
clues to the function of several cloned cell-cycle 


regulated genes, the function of many remains 
unknown. Two approaches that may provide the 
means to assess the contribution of individual 
gene products in the proliferative response involve 
genetic manipulations designed specifically either 
to block their expression or, alternatively, to cause 
their regulated overexpression. This is done by 
engineering the production in the cell of copious 
amounts of a functional mRNA or its complement 
(anti-sense RNA). Subsequent changes in the 
molecular biology and physiology of the cell are 
then assessed, particularly at the level of mRNA 
production by cell cycle-dependent genes. 
Anti-sense RNA has received much attention 
as an agent useful for suppressing the expression 
of specific genes in vivo [408]. TK expression was 
demonstrated to be sensitive to high intracellular 
levels of anti-sense RNA (10—100-fold' excess of 
anti-sense RNA over mRNA) as measured by 
reduced [H]thymidine incorporation, and colony 
formation in HAT medium was inhibited by 
blocking endogenous TK mRNA production in 
CHO celis with enhanced expression of anti-sense 
TK RNA from chimeric gene constructs -[409]. 
The anti-sense RNA hybridizes to TK mRNA 
within the nucleus, substantially reducing the 
amount that is transported to the cytoplasm. Even 
though up to 10-fold reductions in the level of 
enzyme activity could be achieved, this was not 
sufficient to provide resistance to bromo- 
deoxyuridine cytotoxicity, normally mediated by 
the action of thymidine kinase [410]. Since not all 
manifestations of the normal phenotype are 
blocked, the ‘null mutation’ in this case at least 
may be considered ‘leaky’. However, the anti-pro- 
liferative effect and the disruption of the cyto- 
skeleton produced by anti-sense actin RNA indi- 
cate that this procedure will find applicability in 
assessing the contribution of individual genes to 
the proliferation response, especially if the critical 
concentration of the gene product falls within the 
limits of control provided by anti-sense RNA. 
The opposite approach, directed expression of 
the gene in question, has been employed in a 
number of studies, some of which were described 
earlier in this review, and additional elaboration 
of the methodology is unnecessary. We would like 
to close, however, with a clever technique that 
exploits the ease with which the dhfr gene can be 
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amplified [411]. To obtain permanent cell lines 
expressing quantities of a heterologous protein, 
one co-transfects cells with the dhfr gene and a 
‘target’ gene. Subsequently, methotrexate-promo- 
ted amplification of the copy number of the dhfr 
gene in selected transfected clones will favor co- 
amplification of sequences adjacent to the dhfr 
construct, including the co-transfected ‘target’ 
gene. This approach has been used successfully to 
obtain CHO cells that express high levels of hu- 
man tissue-type plasminogen activator [412]. Al- 
tered cell morphology was apparently related to 
the ability of the high-level expression of t-PA to 
convert serum plasminogen to plasmin, a broad- 
spectrum proteinase. 


Acknowledgements 


Research from our laboratory reported herein 
was supported by the National Cancer Institute of 
Canada and the Medical Research Council of 
Canada. D.R.E. and C.L.J.P. were postdoctoral 
fellows supported by the NCI(C) and the MRC(C) 
respectively. We thank Linda Bonis for many pa- 
tient hours on the keyboard preparing the 
manuscript, Beth Orphan for some of the figures, 
and Anthony Ridgway and Ann Marie Craig for a 
careful reading. 


References 


1 Mhitchison, J M. (1971) The Biology of the Cell Cycle, 
Cambridge University Press, London 
2 Howard, А and Pelc, S.R (1953) Heredity 6, 261-273 
3 Pardee, A.B., Dubrow, R, Hamlin, JL and Kletzien, 
ВЕ (1978) Annu. Rev. Biochem 47, 715-750 
4 Brooks RF, Riddle, PN , Richmond, FN and Mars- 
den, J (1983) Exp Cell Res. 127-142 
5 Hochhauser, SJ, Stein, J.L and Stein, G.S (1981) Int 
Rev Cytol. 71, 95-243 
6 Burns, F.J and Tannock, ГЕ (1970) Cell Tissue Kinet. 3, 
321-334 ‘ 
7 Smith, JA and Martin, L. (1973) Proc Natl Acad Sci 
USA 70, 1263~1267 
8 Brooks, R.F., Bennett, DC and Smith, JA (1980) Cell 
19, 493-504 
9 Brooks КЕ, Richmond, Е М, Riddle, РМ and Rich- 
mond, КМУ (1984) J Cell Physiol 121, 341-350 
10 Baserga, К (1985) The Biology of Cell Rproduction, 
Harvard University Press, Cambndge, MA 
11 Hartwell, L H (1974) Bact Rev. 38. 164-198 
12 Мика, D and Bosmann, Н В. (1980) Biochem Biophys 
Res Commun 93, 1140-1145 


118 


13 


14 
15 
16 
17 
18 
19 
20 


21 


22 


22а 


23 


24 


25 


26 


27 


28 


29 


30 


Bishop, J.M and Varmus, Н. (1985) in RNA Tumor 
Viruses Molecular Biology of Tumor Viruses, 2nd Edn 
(Weiss, R., Teich, N., Varmus, Н, and Coffin, J., eds.), 
pp 249-356, Cold Spring Harbor Laboratory, NY 
Heldin, C.-H. and Westermark, В (1984) Cell 37. 9-20 
Weinberg, Е.А (1985) Science 230, 770—776 

Kelly, К. and Siebenlist, U (1985) J Clin Immunol 5, 
65—77 

Ratner, L., Josephs, SF. and Wong-Staal, Е (1985) 
Annu Rev Microbiol. 39, 419—449 

Kelly, K, Cochran, BH, Stiles, CD and Leder, P 
(1983) Cell 35, 603-610 

Сатр, J., Gray, HE, Pardee, A.B., Dean, M and 
Sonenshein, GE (1984) Cell 36, 241-247 

Greenberg, ME and Ziff, E B. (1984) Nature (Lond ) 
311, 433—438 

Blanchard, J-M , Piechaczyk, М, Dani, C, Chambard, 
J-C, Franchi, A., Pouyssegur, J and Jeanteur, P. (1985) 
Nature (Lond ) 317, 443-445 

Armelin, Н.А, Armelin, M C S., Kelly, К., Stewart, Т, 
Leder, P, Cochran, B H. and Stiles, C D (1984) Nature 
(Lond ) 310, 655—660 

Kaczmarek, L, Hyland, J.K, Watt, R, Rosenberg, M 
and Baserga, В. (1985) Science 228, 1313-1315 
Thompson, CB, Challoner, PB, Neiman, Р.Е and 
Groudine, М (1985) Nature (Lond.) 314, 363-366 
Lachman, H M., Hatton, KS, Skoultch АТ and 
Schildkraut, C.L (1985) Proc. Natl. Acad За USA 82, 
5323-5327 

Rabbitts, P H., Watson, J V, Lamond, А, Forster, A, 
Stinson, M.A., Evan, С, Fischer, W , Atherton, Е, Shep- 
рага, R and Rabbitts, ТН (1985) EMBO J 4, 2009-2015 
Hann, $ Ё, Thompson, C B and Eisenman, К М (1985), 
Nature (Lond.) 314, 366-369 

Persson, H., Gray, HE and Godeau, F (1985) Mol 
Cell Bio 5, 2903-2912 

Westin, EH., Wong-Staal, F, Gelmann, EP, Favera, 
В.О, Papas, T.S., Lautenberger, J A., Eva, A., Reddy, 
EP, Tromck, SR., Aaronson, SA. and Gallo, RC 
(1982) Proc Natl. Acad Sci. USA 79, 2490-2494 
Grosso, І.Е and Рио, Н.С (1985) Cancer Res 45, 
847-850 

Gonda, TJ. and Metcalf, D (1984) Nature (Lond ) 310, 
249-251 


30a Filmus, J and Buick, В.М. (1985) Cancer Res 45, 


822-825 


30b Grosso, І.Е and Pitot, Н.С (1985) Cancer Res 45, 


31 


32 


33 


34 


5035-5041 

Jonak, GJ and Knight, E, Jr (1984) Proc Natl Acad 
Sc USA 81, 1747-1750 

Dam, C, Blanchard, JM, Piechaczyk, М, El Sabouty, 
S, Marty, L and Jeanteur, Р (1984) Proc Natl. Acad. 
Sc USA 81, 7046-7050 

Butnick, N.Z, Miyamoto, C, Chizzomte, R, Cullen, 
BR., Ju, С and Skalka, A.M (1985) Mol Cell. Biol 5, 
3009-3016 

Piechaczyk, М, Yang, J -Q, Blanchard, J.-M , Jeanteur, 
P and Marcu, K.B. (1985) Cell 42, 589—597 


35 


59 


60 


Dam, C. Mecht, М, Piechaczyk, M , Lebleu, B., 
Jeanteur, P. and Blanchard, J M (1985) Proc Natl. Acad. 
Sci. USA 82, 4896-4899 

Ета, M., Resnitzky, D. and Kimchi, А (1985) Nature 
(Lond ) 313, 597-600 

Limal, M., Gunderson, М. and Groudine, M (1985) 
Science 230, 1126-1132 

Leder, P., Battey, 7, Lenoir, G., Moulding, С, Murphy, 
W , Potter, H., Stewart, Т and Taub, В (1983) Science 
222, 765-771 

Taub, R , Moulding, С, Battey, 7, Murphy, W., Vasicek, 
Т, Lenoir, G.M. and Leder, Р (1984) Cell 36, 339-348 
Nishikura, К, Ar-Rushd:, A., Enkson, J, Watt, В, 
Rovera, С and Croce, СМ (1983) Proc Май Acad Sci 
USA 80, 4822-4826 

Rabbitts, ТН, Forster, А., Hamlyn, P. and Baer, В. 
(1984) Nature (Lond ) 309, 592-597 

Feo, S, Ar-Rushdi, A, Huebner, К, Finan, J, Nowell, 
P.C, Clarkson, B and Croce, C M (1985) Nature (Lond.) 
313, 493-495 

Rapp, U.R., Cleveland, J L., Bnghtman, К, Scott, A 
and Ihle, J.N. (1985) Nature (Lond ) 317, 434-438 
Siebenlist, U , Hennighausen, L , Battey, J and Leder, P 
(1984) Cell 37, 381—391 

Fahrlander, P.D., Piechaczyk, M. and Marcu, К В (1985) 
EMBO J. 4, 3195-3202 

Goyette, М, Petropoulos, C.J, Shank, PR and Fausto, 
М (1984) Mol. Сей Biol. 4, 1493-1498 

Makino, R., Hayashi, K and Sugimura, T (1984) Nature 
(Lond.) 310, 697-698 

Keath, ЕЈ, Kelekar, А and Cole, MD (1984) Cell 37, 
521-528 

Reed, J C., Nowell, PC and Hoover, R С. (1985) Proc. 
Natl Acad Sci USA 82, 4221-4224 

Bravo, В, Burchardt, J, Curran, T. and Muller, В. 
(1985) EMBO J 4, 1193-1197 

Erisman, М.О, Rothberg, P.G., Diehl, RE, Morse, С.С, 
Spandorfer, J М. and Astrin, S.M (1985) Mol. Cell Biol 
5, 1969-1976 

Coughlin, SR , Lee, W.M F , Wilhams, P W., Giels, G M. 
and Williams, Г.Т (1985) Cell 43, 243-251 

Kruger, W., Cooper, JA, Hunter, Т and Verma, I M. 
(1984) Nature (Lond ) 312, 711-716 

Corral, M., Tichonicky, L, Guguen-Guillouzo, С, 
Corcos, D, Raymondjean, M., Pars, B, Kruh, J and 
Defer, N (1985) Exp Cell Res. 160, 427-434 

Müller, R, Bravo, R., Burckhardt, J. and Curran, T. 
(1984) Nature (Lond ) 312, 716-720 

Angel, P., Rahmsdorf, H J., Péting, А and Herrlich, P 
(1985) іп Cancer Cells 3, Growth Factors and Transfor- 
mation (Feramisco, Ј., Ozanne, В and Stiles, C., eds ), 
pp. 315-319, Cold Spring Harbor Laboratory, NY 
Treisman, В (1985) Cell 42, 889—902 

Miller, R., Curran, T, Müller, D and Guilbert, L. 
(1985) Nature (Lond ) 314, 546—548 

Mitchell, R.L, Zokas, L, Schreiber, R D. and Verma, 
LM. (1985) Cell 40, 209-217 
Curran, T and Morgan, JI 
1265-1268 


(1985) Science 229, 


61 


62 


74 


75 


76 


77 


78 


79 


80 
81 


82 


83 


84 


85 


86 


86a 


87 


88 


Greenberg, M.E., Greene, LA апа Ziff, Е.В. (1985) J 
Biol Chem. 260, 14101-14110 

Müller, R. and Wagner, ЕЕ (1984) Nature (Lond.) 311, 
438-442 

Rüther, U, Wagner, EF and Müller, В (1985) EMBO 
J. 4, 1775-1781 

Cochran, B H., Zullo, J., Verma, I.M and Stiles, C.D 
(1984) Science 226, 1080-1082 - 

Brooks, R.F. (1977) Cell 12, 311-317 

Rossow, P W., Riddle, V.G.H and Pardee, A B. (1979) 
Proc Май. Acad Sci USA 76, 4446—4450 

Goyette, М, Petropoulos, СТ, Shank, PR and Fausto, 
М (1983) Science 219, 510-512 

Feramisco, JR, Gross, М, Kamata, Т, Rosenberg, M. 
and Sweet, R.W (1984) Cell 38, 109-117 

Stacey, DW апа Kung, Н.-Е (1984) Nature (Lond) 
310, 508—511 

Mulcahy, L.S, Smith, М.В. and Stacey, D W. (1985) 
Nature (Lond.) 313, 241-243 

Feramisco, JR, Clark, R., Wong, С, Arnhem, М, 
Milley, В. and McCormick, Е (1985) Nature (Lond ) 
314, 639—642 

Bar-Sagi, D. and Feramisco, J В. (1985) Cell 42, 841-848 
Noda, M., Ko, M, Ogura, A, Liu, D, Amano, T, 
Takano, T. and Ikawa, Y (1985) Nature (Lond ) 318, 
73-15 

Manne, V, Yamazaki, $ and Kung. H.-F. (1984) Proc 
Natl. Acad Sci USA 81, 6953-6957 

Poe, М, Scolnick, E.M and Stein, ВВ (1985) J Biol 
Chem 260, 3906-3909 

Manne, V , ВеКеві, E, and Kung, H -F (1985) Proc Natl. 
Acad Sci USA 82, 376—380 

Sweet, R W , Yokoyama, S., Kamata, T, Feramisco, JR , 
Rosenberg, М and Gross, М (1984) Nature 311, 273-275 
Shih, T Y., Weeks, M.O., Gruss, Р., Dhar, R., Oroszlan, 
S. and Scolnick, ЕМ (1982) J. Virol 43, 253-261 
Sefton, B M., Trowbridge, 1$, Cooper, ТА, and Scol- 
nick, E.M. (1982) Cell 31, 465-474 

Gilman, А.С (1984) Cell 36, 577—579 

Hurley, J B., Simon, MI, Teplow, ОВ, Robishaw, J.D 
and Gilman, A С (1984) Science 226, 860—862 

Broek, D , Samry, М, Fasano, О, Fujiyama, А, Tamanoi, 
F., Northup, J and Wigler, M. (1985) Cell 41, 763-769 
Franks, D.J., Whitfield, ЛЕ. and Durkin, J.P. (1985) 
Biochem Biophys. Res. Commun 132, 780-786 

Westin, E.H:, Gallo, В.С, Arya, S.K, Eva, A., Souza, 
LM, Baluda, M.A., Aaronson, S А, and Wong-Staal, Е 
(1982) Proc. Natl Acad. За. USA 79,'2194-2198 
Sheiness, О and Gardinier, М (1984) Mol Cell Biol 4, 
1206-1212 i 

Torelli, G., Seller, L , Donell, А, Ferrari, $ , Emilia, G., 
Venturelli, D, Moretti, L and Torelh, U (1985) Mol 
Cell Biol. 5, 2874-2877 

Thompson, C.B, Challoner, PB, Neiman, PE and 
Groudine, М (1986) Nature (Lond ) 319, 374—380 
Lane, D P. and Crawford, L.V. (1979) Nature (Lond ) 
278, 261—263 

DeLeo, A B., Jay, б, Appella, E, Dubois, G.C., Law, 
L.W and Old, LJ (1979) Proc Май Acad Sci USA 76, 
2420-2424 


89 


90 


91 


92 


93 


94 


95 


96 


96a 


97 


98 


99 


100 


101 


102 


102a 


103 


103a 


103b 


103c 


104 


104a 


104b 


105 


106 


107 


108 


119 


Rotter, V., Witte, ON , Coffman, R. and Baltimore, D 
(1980) J. Virol. 36, 547-555 
Rotter, V. (1983) Proc Natl 
2613-2617 

Maltzman, W. and Czyzyk, Г. (1984) Mol Cell Biol 4, 
1689-1694 

Ehyahu, D., Raz, А, Gruss, P, Givol D and Oren, M. 
(1984) Nature (Lond ) 312, 646—649 

Parada, LF, Land, Н, Weinberg, RA. Wolf, D and 
Rotter, У (1984) Nature (Lond.) 312, 649—651 

Wolf, D, Harns, N. and Rotter, V (1984) Cell 38, 
119-126 

Ehyahu, D , Michalovitz, D and Oren, M (1985) Nature 
(Lond ) 316, 158-160 

Jenkins, J.R , Rudge, К and Currie, СА (1984) Nature 
(Lond.) 312, 651-654 

Zakut-Houn, R., Bienz-Tadmor, B , Givol, D and Oren, 
M (1985) EMBO J 4, 1251-1255 

Land, H., Parada, L.F and Weinberg, R A (1983) Na- 
ture (Lond ) 304, 596—602 

Jenkins, J.R , Rudge, K., Chumakov, P. and Currie, G A 
(1985) Nature (Lond ) 317, 816-818 

Mercer, WE, Nelson, D, DeLeo, A B., Old, LJ and 
Baserga, В (1982) Proc Май Acad За USA 79, 
6309-6312 

Mercer, W E, Avignolo, С and Baserga, В (1984) Mol 
Cell Biol 4, 276-281 

Reich, МС and Levine, АТ (1984) Nature (Lond ) 308, 
199-201 

Wynford-Thomas, D, LaMontagne, A, Marin, С and 
Prescott, D.M. (1985) Exp. Cell Res 159, 191-200 
Couher, Е, Imbert, J, Albert, J, Jeunet, E, Lawrence, 
1-1, Crawford, Г. and Вігр, Е (1985) ЕМВО 1 4. 
3413-3418 

Mercer, W Б and Baserga, В (1985) Exp Cell Res 160, 
31-46 

Matlashewski, G , Lamb, Р, Pim, D., Peacock, J , Craw- 
ford, L and Benchimol, S. (1984) EMBO J 3, 3257-3262 
Rogel, А, Pophker, M , Webb, C С and Oren, М (1985) 
Mol. Cell Biol. 5, 2851—2855 

Calabretta, В, Kaczmarek, L , Ming, P-ML,Au, Е and 
Ming, S.-C. (1985) Cancer Res. 45, 6000-6004 

Wolf, D. and Rotter, V. (1985) Proc. Май Acad So. 
USA 82, 790-794 

Shen, D.-W , Real, ЕХ, DeLeo, АВ, Old, L J, Marks, 
PA and Rifkind, RA (1983) Proc Natl Acad Sci 
USA 80, 5919-5922 

Reich, М C., Oren, M and Levine, AJ (1983) Mol Cell 
Biol 3, 2143-2150 

Foster, D М , Schmidt, L J , Hodgson, C P., Moses, H.L 
and Getz, MJ (1982) Proc Natl. Acad За USA 79, 
7317-7321 

Cochran, В H., Reffel, АС and Stiles, C D (1983) Cell 
33, 939—947 

Linzer, БІН and Nathans, D (1983) Proc Natl Acad. 
Sci USA 80, 4271-4275 

Hirschhorn, RR, Aller, P, Yuan, Z -A , Gibson, C W 
and Baserga, R, (1984) Proc Май Acad Sci USA 81, 
6004—6008 


Acad Sc USA 80, 


120 


109 


110 


111 
112 


113 
114 


115 


116 


117 


118 


119 


120 


121 


122 


123 


124 


125 


126 


127 


128 


129 


130 


131 


132 


133 
134 


135 


136 


Matrisian, LM, Rautmann, G., Magun ВЕ and 
Breathnach, В (1985) Nucleic Acids Res 13, 711—726 
Edwards, D.R., Parfett, C L.J. and Denhardt, D T (1985) 
Mol. Cell Biol 5, 3280-3288 

Milcarek, С and Zahn, К. (1978) J Cell Biol. 79, 833-838 
Riddle, V G H., Dubrow, В and Pardee, АВ (1979) 
Proc Май Acad. 5а USA 76, 1298-1302 

Bravo, В and Celis, JE (1980) J Cell Biol. 84, 795-802 
Nilsen-Hamilton, M., Shapiro, J M., Маззовпа, SL and 
Hamilton, R.T (1980) Cell 20, 19-28 

Thomas, G, Thomas, G and Luther, Н (1981) Proc 
Natl. Acad, Sci. USA 78, 5712-5716 

Pledger, W.J , Hart, C A, Locatell, KL and Scher, C.D. 
(1981) Proc. Natl. Acad. Sci. USA 78, 4358-4362 
Adolph, КЛУ and Phelps, Г.Р (1982) J Biol. Chem 257, 
9086—9092 

Westwood, J.T , Wagenaar, E.B and Church, R B. (1985) 
J Biol Chem 260, 695—698 

Hendrickson, SL and Scher, C D (1983) Mol Cell Biol 
3, 1478—1487 

Forsdyke, D.R. (1984) Сап J Biochem Cell Biol 62, 
859—864 

Hayward, W S, Neel, B.G. and Astrin, SM (1981) Na- 
ture (Lond.) 290, 475—480 

Kowalski, J., Smith, J H., Ng, N., and Denhardt, DT 
(1985) Gene 35, 45-54 

Edwards, DR, Parfett, C L.J and Denhardt, О.Т (1985) 
DNA 4, 401—408 

Scott, M.R.D., Westphal, К -H and Rigby, P W.J (1983) 
Cell 34, 557-567 

Linzer, D I H. and Nathans, D (1984) Proc. Natl Acad 
За USA 81, 4255-4259 

Cochran, ВН, Reffel, АС, Callahan, M A., Zullo, JN 
and Stles, CD (1984) зп Cancer Cells 1, The Trans- 
formed Phenotype (Levine, А J., Van de Woude, GF, 
Торр, W.C. and Watson, J.D., eds), рр 51-56, Cold 
Spnng Harbor Laboratory, NY 

Hendrickson, S L , Cochran, B H , Reffel, A C. and Stiles, 
C D (1985) in Mediators in Cell Growth and Differenti- 
ation (Ford, ЕЈ and Mazel, AL, eds), pp 71-85, 
Raven Press, New York 

Kaczmarek, L., Calabretta, В and Baserga, В. (1985) 
Proc Natl Acad Sci. USA 82, 5375-5379 

Calabretta, B, Kaczmarek, L., Mars, W, Ochoa, D, 
Gibson, C W., Hirschhorn, RR and Baserga, R (1985) 
Proc Natl. Acad Sci USA 82, 4463-4467 

Parfett, C L.J., Hamilton, R.T., Howell, B W., Edwards, 
DR, Nilsen-Hamilton, M and Denhardt, D.T. (1985) 
Mol. Cell. Biol. 5, 3289-3292 

Lau, L.F and Nathans, D (1985) EMBO J 4, 3145-3151 
Forsdyke, Р.В (1985) Biochem Biophys Res Commun 
129, 619-625 

Baserga, К (1984) Exp. Cell Res 151, 1-5 

Liu, Н.Т, Baserga, В and Mercer, WE (1985) Mol 
Cell Biol. 5, 2936-2942 

Edwards, D.R and Denhardt, О.Т, (1985) Exp Cell Res 
157, 127-143 

Kramerov, DA, Lekakh, IV, Samanna, О.Р and 
Ryskov, A P. (1982) Nucleic Acids Res 10, 7477-7491 


137 


138 


139 


140 


141 


142 


143 


144 


145 


146 


147 


148 


149 


149а 
150 


151 


152 


153 


154 


155 


156 


157 


158 


159 


160 


161 


162 


163 


164 


Ryskov, АР, Ivanov, PL, Kramerov, ОА and Geo- 
rgiev, С.Р (1983) Nucleic Acids Res. 11, 6541-6558 
Kramerov, D.A., Tilhb, S.V , Ryskov, A.P. and Georgiev, 
С.Р (1985) Nucleic Acids Res 13, 6423-6437 

Bennett, KL, Hil, RE, Pietras, DF, Woodworth- 
Gutai, M., Kane-Haas, С, Houston, J.M , Heath, J K. 
and Hastie, N D. (1984) Mol Cell. Biol 4, 1561-1571 
Kramerov, DA, Tiliib, S V, Lekakh, ГУ, Ryskov, AP 
and Georgiev, СР (1985) Biochim. Biophys Acta 824, 
85-98 

Singh, К, Carey, M., Saragosti, $ and Botchan, M 
(1985) Nature (Lond ) 314, 553—556 

Murphy, D , Brickell, РМ, Latchman, D S , Willison, К 
and Rigby, P W.J (1983) Cell 35, 865-871 

Vasseur, M, Condamine, Н and Duprey, P (1985) 
EMBO J 4, 1749-1753 

Brickell, РМ, Latchman, D.S., Murphy, D , Wilhson, K 
and Rigby, P WJ (1983) Nature (Lond ) 306, 756-760 
Brickell, РМ, Latchman, D S , Murphy, D , Willison, К 
and Rugby, P.W J. (1985) Nature (Lond ) 316, 162-163 
Arya, 5 К, Wong-Staal, Е and Gallo, ВС (1984) Mol 
Cell Biol 4, 2540-2542 

Matnsian, І.М, Glaichenhaus, N., Gesnel, М-С and 
Breathnach, К. (1985) EMBO 7. 4, 1435-1440 
Matnsan, LM, Rautmann, G, Magun, B.E and 
Breathnach, В (1985) Nucleic Acids Res 13, 711-726 
Johnson, L F., Abelson, H T , Green, H. and Penman, S 
(1974) Cell 1, 95-100 

Robinson, ТН (1985) Exp Cell Res. 161, 231-241 
Hodgson, C P., Elder, РК, Ono, T., Foster, О.М. and 
Getz, M.J (1983) Mol. Cell. Biol 3, 2221-2231 

Gin, С.Р, Hodgson, CP, Elder, PK, Courtney, М.С 
and Getz, М.Ј. (1983) Nucleic Acids Res 11, 305-319 
Courtney, MG, Schmidt, Г.Т апа Getz, MJ (1982) 
Cancer Res. 42, 569-576 

Singh, K, Saragosti, S. and Botchan, M. (1985) Mol 
Cell Biol 5, 2590-2598 

Augenlicht, L H and Halsey, Н (1985) Proc Natl Acad 
За. USA 82, 1946-1949 

Riddle, VGH and Pardee, АВ (1980) J Cell Physiol 
103, 11-15 

McCairns, E., Fahey, D, Muscat, GEO, Murray, М 
and Rowe, Р.В (1984) Mol. Cell. Biol. 4, 1754-1760 
Olashaw, М.Е and Pledger, WJ (1985) in Mediators in 
Cell Growth and Differentiation (Ford, ЕЈ and Матеј, 
A.L., eds), рр 31-44, Raven Press, New York 

Scher, C.D, Dick, R.L., Whipple, A P. and Locatell, 
КГ. (1983) Mol Cell. Biol 3, 70-81 

Olashaw, NE and Pledger, WJ (1983) Nature (Lond ) 
306, 272-274 

Сгоу, RG. and Pardee, АВ (1983) Proc Май Acad 
Sci USA 80, 4699-4703 

Campis, J, Medrano, Е.Е, Morreo, С and Pardee, A.B 
(1982) Proc Май Acad. Sci. USA 79, 436-440 

Lowe, D.G and Moran, L A (1984) Proc Natl Acad 
Sci. USA 81, 2317-2321 

Mitchell, НК, Petersen, NS and Buzin, СН. (1985) 
Proc. Natl. Acad. Sci. USA 82, 4969—4973 

Kao, Н-Т., Capasso, О, Heintz, М. and Nevins, JR 
(1985) Mol Cell. Biol 5, 628—633 


165 


166 
167 


168 


169 


170 


171 


172 


173 


174 


175 


176 


17 


178 


179 


180 


181 


182 


Schónfelder, М, Horsch, А and Schmid, H.-P. (1985) 
Proc Natl. Acad Sci USA 82, 6884-6888 

Old, R.W. and Woodland, H R. (1984) Cell 38, 624—626 
Pehrson, ЈЕ and Cole, RD (1982) Biochemistry 21, 
456-460 

Lennox, R.W. and Cohen, L H (1983) Biol. Chem 258, 
262—268 

Waithe, W.L, Renaud, J, Nadeau, P and Pallotta, D 
(1983) Biochemistry 22, 1778-1783 

Вид, В C., Jacobs, F A., Stein, G., Stein, J and Sells, 
BH (1985) Proc Natl. Acad. Sci. USA 82, 6760—6764 
Wu, R S, Tsai, S and Bonner, WM (1982) Cell 31, 
367-374 i 

Chabanas, A, Khoury, E, Сое, P., Froussard, Р, 
Gjerset, R , Dod, B., Eisen, Н and Lawrence, J J. (1985) 
J Mol. Biol. 183, 141-151 

Brush, D., Dodgson, J.B , Choi, О -R., Stevens, P.W and 
Engel, J D (1985) Mol Cell. Biol. 5, 1307-1317 

Wells, D and Kedes, J. (1985) Proc. Май Acad Sc 
USA 82, 2834-2838 

Carozzi, М, Marashi, Е, Plumb, M, Zimmerman, $, 
Zimmerman, А, Coles, L 8, Wells, JRE, Stein, С and 
Stein, 1 (1984) Science 224, 1115-1117 

Graves, R.A., Wellman, S E, Chiu, I-M and Marzluff, 
W.F (1985) J. Mol Biol. 183, 179—194 

Stein, GS, Stein, JL, Park, W D., беке, S., Lichtler, 
А.С, Shephard, EA, Jansing, КІ. and Philips, IR 
(1978) Cold Spnng Harbor Symp. Quant Biol 42, 
1107-1120 

Sierra, F., Stein, С and Stem, J (1983) Nucleic Acids 
Res 11, 7069-7086 

Heintz, М, Zermk, М. and Roeder, R О (1981) Cell 24, 
661-668 

Plumb, М, Stein, J and Stein, С (1983) Nucleic Acids 
Res 11, 2391-2410 

Hirschhorn, R.R , Marashi, F., Baserga, К, Stein, J and 
Stein, G (1984) Biochemistry 23, 3731-3735 
Artishevsky, А, Delegeane, A.M and Lee, AS (1984) 
Mol Cell. Biol. 4, 2364—2369 


182a Sheinin, R, Dubsky, M., Матић, L and Sigouin, J 


(1985) Exp Cell Res 161, 393-405 


182b Sheinin, В and Lewis, P М. (1980) Somatic Cell Gen. 6, 


183 


184 


185 


186 


187 


188 


189 


225-239 

DeLisle, А 7, Graves, R A., Marzluff, W.F. and Johnson, 
І.Е (1983) Mol Cell Biol 3, 1920-1929 

Hentz, М, Sive, H.L and Roeder, КО (1983) Mol. 
Сей Biol 3, 539-550 

Chrysogelos, S., Riley, D.E, Stein, G and Stein, J 
(1985) Proc Май Acad Se: USA 82, 7535-7539 
Alterman, R.-B M., Ganguly, 5, Schulze, D H , Marzluff, 
МЕ, Schildkraut, C.L and Skoultchi, A I. (1984) Mol 
Cell. Biol 4, 123-132 

Stimac, Е, Groppi, V E., Jr. and Coffino, Р (1984) Mol 
Cell. Biol 4, 2082-2090 

Baumbach, L L., Marashi, F., Plumb, M., Stein, G and 
Stein, J (1984) Biochemistry 23, 1618-1625 

Plumb, M., Marashi F., Green, L., Zimmerman, A., 
Zimmerman, 5, Stein, J. and Stein, С. (1984) Proc. Natl 
Acad. Sci. USA 81, 434—438 


190 


191 


192 


193 


194 


195 


196 


197 


198 


199 


200 


201 


202 


203 


204 


205 


206 


207 


208 


209 
210 


211 


212 


213 


214 


215 


216 
217 


218 


219 


121 


Sive, HL, Heintz, М and Roeder, КО (1984) Mol. 
Cell Biol. 4, 2723-2734 

Sittman, D B., Graves, RA and Marzluff, W F (1983) 
Proc Natl Acad Sc USA 80, 1849-1853 

Graves, В А and Marzluff, W Е. (1984) Mol Cell Biol. 
4, 351-357 

Downes, C S., Ord, M.J., Ми прег, АМ, Collins, AR 5 
and Johnson, R T (1985) Carcinogenesis 6, 1343-1352 
Wu, RS and Bonner, W.M. (1985) Mol Cell. Biol 5, 
2959-2966 

Sanban, E, Wu, RS, Enckson, LC and Bonner, W M. 
(1985) Mol. Cell Biol. 5, 1279-1286 

Stein, GS and Stein, JL (1984) Mol Cell. Biochem 64, 
105-110 

Green, L, Stein, G and Stein, J (1984) Mol Cell 
Biochem. 60, 123-130 

Hereford, L , Bromley, $ and Osley, M A. (1982) Cell 30, 
305-310 

Hanly, S M , Bleecker, С.С. and Heintz, М (1985) Mol 
Cell Biol. 5, 380-389 | 

Capasso, О and Heintz, М. (1985) Proc Natl. Acad Sci. 
USA 82, 5622-5626 

Artishevsky, А, Grafsky, А and Lee, А 5 (1985) Science 
230, 1061-1063 

Lüscher, B., Stauber, C, Schindler, В and Schümperh, 
D (1985) Proc Май. Acad Sci. USA 82, 4389-4393 
Georgiev, О and Випзџеј, M.L (1985) EMBO J 4, 
481—489 

Ки, S (1976) Mol. Cell Biochem 11, 161-182 

Weber, С (1977) М Engl J. Med 296, 486-493 
Enksson, $, Graslund, A, Skog, S, Thelander, L and 
Tnbukait, В (1984) J Biol Chem. 259, 11695-11700 
Johnson, Г.Е (1984) in Recombinant DNA and Cell 
Proliferation (Stern, С $ and Stein, J.L , eds ), pp 25-47, 
Academic Press, New York 

Pegg, А Е. and McCann, РР (1982) Am J Physiol 243, 
212-221 

Weissbach, A. (1977) Annu. Rev Biochem 46, 25-47 
Nakamura, Н, Monta, T, Masala, $ and Yoshida, S 
(1984) Exp Cell Res 151, 123-133 

Schneider, E, Müller, В. and Schindler, R (1985) Bio- 
chim Biophys Acta 825, 375-383 

Söderhäll, S. (1976) Nature (Lond ) 260, 640-642 
Тпсоћ, ЛУ, Saha, BM, McCormick, РЈ, Jarlnksi, 
SJ, Bertram, JS and Kowalski, D (1985) Exp Cell 
Res 158, 1-14 

Szyf, M., Kaplan, Е, Mann, V., Giloh, Н, Kedar, Е and 
Razin, А (1985) J Biol Chem 260, 8653-8656 

Bestor, ТН and Ingram, V M (1985) Proc Natl Acad. 
5сі USA 82, 2674-2678 

Brent, T (1971) Cell Tissue Kinet. 4, 297—305 

Rode, ХУ, Scanlon, KJ, Moroson, B A. and Bertino, 
JR (1980) J. Biol. Chem 255, 1305-1311 

Manan, BD, Slate, DL. and Schimke, RT (1981) 
Proc Natl Acad За USA 8, 4985-4989 

Engstrom, Y., Eriksson, S, ЈИдемк, І, Skog, $, The- 
lander, L and Tribukait, В (1985) J Biol Chem 260, 
9114-9116 


122 


220 


221 


222 


223 


224 


225 


226 


227 


228 


229 


230 


231 


232 


233 


234 


235 


236 


237 


238 


239 


240 


241 


242 
243 


244 


245 


246 


247 


Chang, A C Y., Nunberg, JH, Kaufman, RJ, Erlich, 
H.A., Schimke, ВТ and Cohen, SN (1978) Nature 
(Lond ) 275, 617-624 

Wiedemann, LM and Johnson, L F (1979) Proc Natl 
Acad За. USA 76, 2818-2822 

Kellems, RE, Alt, FW and Schimke, R T. (1976) J 
Biol Chem 251, 6987—6993 | 

Kellems, RE, Morhenn, У B., Pfendt, EA, АП, FW 
and Schimke, В.Т (1979) Ј Biol. Chem. 254, 309-318 
Santiago, C., Collins, M and Johnson, LF (1984) J 
Cell Physiol 118, 79-86 

Wu, J-SR and Johnson, L.F (1982) J Cell Physiol 
110, 183-189 

Pastan, I.H , Johnson, GS and Anderson, W В. (1975) 
Annu Rev Biochem 44, 491—522 

Hendrickson, S.L., Wu, J-S В and Johnson, L F (1980) 
Proc Natl. Acad Sci USA 77, 5140-5144 

Leys, E J., Crouse, G F and Kellems, В.Е. (1984) J Cell 
Biol 99, 180-187 

Collins, M.L , Wu, J -SR , Santiago, C.L., Hendrickson, 
SL and Johnson, L.F (1983) Mol Cell Во! 3, 
1792-1802 

Kaufman, R.J and Sharp, P A. (1983) Mol Cell Biol 3, 
1598—1608 

Setzer, D R., McGrogan, М, Nunberg, J Н and Schimke, 
R.T (1980) Cell 22, 361—370 

Crouse, GF, Simonsen, CC, McEwan, RN and 
Schimke, ВТ (1982) J Biol Chem. 257, 7887-7897 
McGrogan, М, Simonsen, С C., Smouse, D.T , Farnham, 
РЈ and Schimke, В.Т. (1985) J Biol Chem. 260, 
2307-2314 

Farnham, РЈ and Schimke, В.Т (1985) 7 Biol Chem 
260, 7675-7680 

Breathnach, В and Chambon, P (1981) Annu Rev 
Biochem 50, 349-383 

Вапегу, J , Rusconi, 5 and Schaftner, W (1981) Сей 27, 
299-308 

Reynolds, G A., Basu, SK , Osborne, TF, Chin, DJ, 
Gil, С, Brown, MS, Goldstein, JL and Luskey, KL 
(1984) Cell 38, 275-285 

Ishu, $, Xu, Y -H,, Stratton, К.Н, Roe, BA, Merlino, 
СТ and Pastan, І (1985) Proc Natl Acad. Sci USA 82, 
4920-4924 

Richard, R I, Heguy, А and Karin, М. (1984) Сей 37, 
263-272 

Melton, D.W , Konecki, D.S!, Brennand, J. and Caskey, 
CT (1984) Proc Natl Acad] Sci USA 81, 2147-2151 
Gidom, D, Dynan, WS and Tjan, R (1984) Nature 
(Lond ) 312, 409-413 

Dynan, W S and Tyan, К (1983) Cell 32, 669-680 
Farnham, PJ; Abrams, JM and Schimke, ВТ (1985) 
Proc Natl. Acad Sci USA 82, 3978-3982 

Crouse, СЕ, Leys, EJ, McEwan, В М, Frayne, EG 
and Kellems, К E. (1985) Mol Cell Biol. 5, 1847-1858 
Geyer, РК and Johnson, L.F (1984) J Biol Chem 259, 
7206-7211 

Jenh, С-Н, Geyer, РК, Baskin, Е and Johnson, І.Е 
(1985) Mol Pharm 28, 80-85 

Jenh, С-Н, Rao, LG and Johnson, L F (1985) J Cell 
Physiol. 122, 149-154 


248 


249 


250 
251 
252 
253 


254 


255 
256 
257 
258 


259 
260 


261 
262 
263 


263a 


Jenh, C -H., Geyer, P K. and Johnson, L.F (1985) Mol. 
Cell Biol 5, 2527-2532 

Storms, R K , Ога, R W , Greenwood, M T , Mirdamadi, 
B., Chu, F K. and Belfort, M (1984) Mol. Cell Biol 4, 
2858-2864 

Schlosser, C A., Steghch, С, DeWet, JR. and Scheffler, 
IE (1981) Proc Natl Acad Sci. USA 78, 1119-1123 
Lewis, J.A , Shimizu, K and Zapser, D. (1983) Mol Cell 
Biol 3, 1815-1823 

Mernll, G.F., Harland, RM, Groudine, M and Mc- 
Knight, S L. (1984) Mol Cell Biol 4, 1769-1776 

Stuart, P, Ito, M, Stewart, C and Conrad, S.E (1985) 
Mol Cell Biol 5, 1490-1497 

Lin, P-F, Lieberman, H B., Yeh, О-В, Xu, T., Zhao, 
S.-Y апа Ruddle, FH (1985) Mol Cell Biol 5, 
3149-3156 

Merrill, G.F., Hauschka, 5 D and McKnight, $ L. (1984) 
Mol. Cell Biol. 4, 1777-1784 

Groudine, М and Casimir, С (1984) Nucleic Acids Res. 
12, 1427-1446 

Bradshaw, H.D., Jr (1983) Proc Natl Acad Sci. USA 
80, 5588-5591 

Coppock, DL апа Pardee, А В (1985) J. Cell. Physiol 
124, 269-274 

Cheetham, B F. (1983) Mol Cell. Biol 3, 480—483 
McConlogue, L, Gupta, M., Wu, Г. and Coffino, P 
(1984) Proc Natl Acad. Sci. USA 81, 540—544 

Berger, FG, Szymanski, P, Read, Е and Watson, С 
(1984) J. Biol Chem. 259, 7941-7946 

Kontula, K K , Torkkeli, ТК, Bardin, C.W and Janne, 
ОА (1984) Proc. Natl. Acad Sci USA 81, 731-735 
Kahana, C and Nathans, D (1984) Proc Natl Acad 
Sci USA 81, 3645-3649 

Hölttä, Е and Ном, Т (1985) Eur J Biochem. 152, 
229-237 


263b Gilmour, S К, Avdalovic, М, Madara, Т and O'Brien, 


264 


265 


266 


267 


268 


269 


270 


271 


272 


273 
274 


TG (1985) J Biol Chem. 260, 16439-16444 

Rinehart, С.А, Л and Canellakis, ES (1985) Proc 
Natl Acad. Sci. USA 82, 4365-4368 

Erwin, В.С, Seely, JE and Pegg, A E (1983) Biochem- 
istry 22, 3027-3032 ' 
Катей, Т, Fujita, К, Noguchi, T., Takiguchi, М, Mon, 
M, Tatibana, М and Hayashi, 5 (1984) Еш J Bio- 
сћет 144, 35-39 

Feinstein, SC, Dana, S.L, McConlogue, L., Shooter, 
EM and Coffino, Р (1985) Proc Natl Acad. Sci USA 
82, 5761-5765 

Landy-Otsuka, Е and Scheffler, Г.Е (1980) J Cell Phys- 
iol. 105, 209-220 

Cress, A.E. and Gerner, EW (1979) Biochem Biophys 
Res Commun. 87, 773-780 

Kahana, C. and Nathans, D (1985) Proc Natl Acad 
Sa USA 82, 1673-1677 

Gupta, M. and Coffino, P (1985) J Biol. Chem 260, 
2941—2944 

Celis, JE, Bravo, К, Larsen, Р.М and Fey, SJ (1984) 
Leukemia Res 8, 143-157 

Tan, E M. (1982) Adv Immunol 33, 167-240 

Mathews, M B, Bernstein, RM, Franza, В.К, Jr and 
Garrels, J I (1984) Nature (Lond ) 309, 374-376 


275 


276 


277 


278 
279 


280 


281 
282 


283 


284 


285 


286 


287 


288 


289 


290 


291 


292 


293 


294 


295 


296 


297 


298 


300 


301 


302 


303 


304 


Miyach, К, Ег ег, MJ апа Тап, EM (1978) J 
Immunol 121, 2228-2234 

Takasaki, У, Deng, J-S and Tan, EM (1981) J Exp 
Med 1899-1909 

Bravo, В and Cels, І.Е (1980) Exp Cell Res 127, 
249—260 

Bravo, В. and Celis, J E (1982) Clin Chem. 28, 949-954 
Barque, J.P, Danon, F., Peraudeau, L, Yem, P апа 
Larsen, C J (1983) EMBO J. 2, 743—749 

Celis, J.E , Fey, S J., Larsen, Р.М. and Celis, А (1984) 
Proc. Natl. Acad. Sci USA 81, 3128-3132 

Bravo, R. and Graf, Т. (1985) Exp Cell Res 156, 450-454 
Bravo, В and Macdonald-Bravo, Н. (1984) EMBO J 3, 
3177-3181 

Macdonald-Bravo, H. and Bravo, R. (1985) Exp. Cell 
Res. 156, 455-461 

Bravo, R. and Macdonald-Bravo, H (1985) EMBO J. 4, 
655-661 

Cels, JE. and Celis, А. (1985) Proc. Май Acad. За 
USA 82, 3262-3266 

Yanishevsky, В.М. and Prescott, D M (1978) Proc Natl. 
Acad За USA 75, 3307-3311 

Murdock, G.H , Waterman, M., Evans, R.M. and Rosen- 
feld, М G. (1985) J Biol. Chem. 260, 11852-11858 
Gottesman, M М, (1978) Proc Natl. Acad Sci USA 75, 
2767-2771 

Gottesman, М.М and Уизра, $ (1981) Carcinogenesis 2, 
971-976 

Sahagian, С.С. and Gottesman, М М. (1982) J Вю] 
Chem. 257, 11145--11150 

Gottesman, М.М and Sobel, М.Е. (1980) Cell 19, 
449—455 

Doherty, P J., Hua, І, Liau, G., Gal, S, Graham, DE, 
Sobel, M. and Gottesman, MM (1985) Mol. Cell. Biol 
5, 466-473 

Frick, КК, Doherty, P.J., Gottesman, М.М. and Scher, 
C D. (1985) Mol Cell Biol. 5, 2582-2589 

Gal, $, Willingham, М.С. and Gottesman, М.М. (1985) 
J Cell Biol. 100, 535-544 

Gal, S and Gottesman, MM (1986) J. Biol. Chem , in 
the press 

Jetten, AM and DeLuca, L.M. (1985) Carcinogenesis 6, 
337—342 

Denhardt, D T., Hamilton, R T, Parfett, CL.J, Ed- 
wards, D.R., St. Pierre, R., Waterhouse, Р and Nilsen- 
Hamilton, М (1986) Cancer Res., in the press 

Linzer, РЕН, Lee, S.-J., Оргеп, І., Talamantes, Е and 
Nathans, D (1985) Proc Май. Acad. Sci USA 82, 
4356—4359 

Nilsen-Hamilton, М, Hamilton, ВТ, Allen, W.R. and 
Massogha, $ І. (1981) Biochem Biophys Res Commun 
101, 411-417 

Davies, RL, Rifkin, D.B., Tepper, В, Miller, А and 
Kucherlapati, R. (1983) Science 221, 171-173 

Gross, J.L , Krupp, MN, Rifkin, D.B and Lane, M.D 
(1983) Proc. Natl Acad. Sci USA 80, 2276-2280 
Eaton, D.L and Baker, JB (1983) J. Cell Biol 97, 
323-328 

Ben-Ishai, R , Sharon, R., Rothman, М and Miskin, R 
(1984) Carcinogenesis 5, 357-362 


305 


306 


307 


308 


309 


310 


311 


312 


313 


314 
315 


316 


317 


318 


319 


320 


321 
322 


323 


324 


325 


326 


327 


328 


329 


330 


331 


332 


123 


Opdenakker, G., Ashino-Fuse, H, Van Damme, J, Bi- 
Шап, A and De Somer, Р (1983) Eur J. Biochem. 131, 
481-487 

Belin, D., Godeau, Е. and Vassalh, J -D. (1984) EMBO J 
3, 1901-1906 

Ferraiuolo, В, Stoppelli, MP, Verde, P., Bullock, S, 
Lazzaro, Р, Blasi, F. and Pietropaolo, T C (1984) J Cell 
Physiol 121, 368-374 

Waller, EK and Schleuning, W.-D (1985) J Biol Chem 
260, 6354-6360 

Nagamine, У, Sudol, М and Reich, Е (1983) Сей 32, 
1181-1190 

Crutchley, D.J and Maynard, JR (1983) Biochim Bio- 
phys Acta 762, 76-85 

Arya, S.K and Gallo, В.С (1984) Biochemistry 23, 
6685-6690 

Efrat, S, Zelig, S, Yagen, B. and Kaempfer, В. (1984) 
Biochem Biophys Res Commun 123, 842-848 

Elhott, J.F., Lin, Y , Mazel, S.B , Bleackley, R С, Harnish, 
D С. and Paetkau, У (1984) Science 226, 1439-1441 
Paetkau, У (1985) Сап. J Biochem Cell Biol. 63, 691-699 
Parker, I and Fitschen, W (1980) Nucleic Acids Res 8, 
2823-2833 

LaBella, F, Brown, E.H. and Basihco, C (1983) J Cell 
Physiol. 117, 62-68 

Sobel, ME, Dion, LD, Vuust, J. and Colburn, МН 
(1983) Mol. Cell Biol. 3, 1527-1532 

Bauer, EA, Cooper, TW, Huang, J.S., Altman, J and 
Deuel, T.F. (1985) Proc Natl Acad Sc: USA 82, 
4132-4136 

Lengyel, P (1982) Annu Rev. Biochem 51, 251-282 
Goodbourn, 5., Zinn, К. and Maniatis, Т (1985) Cell 41, 
509-520 

Higashi, У (1985) Nucleic Acids Res 13, 5157-5172 
Colonno, R.J and Pang, HL (1982) J Biol Chem 257, 
9234-9237 

Larner, AC, Jonak, G., Cheng, Y-SE, Korant, В, 
Knight, Е and Darnell, J.E , Jr. (1984) Proc. Май Acad 
Sa USA 81, 6733-6737 

Fredman, R L., Manly, S.P., McMahon, М, Kerr, LM 
and Stark, С В. (1984) Cell 38, 745-755 

Cheng, Y -S.E, Colonno, ЕЈ and Yin, Е.Н (1983) J 
Biol. Chem. 258, 7746—7750 

Fredman, R.L and Stark, С.В (1985) Nature (Lond ) 
314, 637-639 

Tominaga, $, Tominaga, К, and Lengyel, P. (1985) J 
Biol. Chem 260, 16406-16410 

Семен, D.R., Moore, G. and Clemens, М.Ј (1983) Bio- 
chem. 7 214, 983-990 

Clemens, M.J , McNurlan, M.A., Moore, G. and Tilleray, 
V J. (1984) FEBS Lett 171, 111-116 

Knight, E., Jr, Anton, E.D., Fahey, О, Friedland, BK 
and Jonak, GJ (1985) Proc Natl. Acad Sci USA 82, 
1151-1154 

Du P Heyns, А, Eldor, A, Vlodavsky, L, Kaiser, М., 
Frdman, R. and Panet, A (1985) Exp Cell Res 161, 
297—306 

Muscat, ДЕО, Caputo, A, МсСагпѕ, E. and Rowe, 
PB (1985) DNA 4, 377-384 


124 


333 


334 


335 


336 


337 


338 


339 


340 


341 


342 


343 


344 


345 


346 


347 


348 
349 


350 


351 


352 
353 


354 


355 


356 


357 


358 


Chang, М.Т, Tam, S H., Kung, РС and Chang, TW 
(1984) Mol. B:ol. Med 2, 151-165 

Wissinger, WL and Wang, RJ (1983) Int Rev Cytol 
Suppl 15, 91-116 

Marcus, M, Fainsod, A and Diamond, G (1985) Annu 
Rev. Genet 19, 389-421 

Matsumoto, Y, Yasuda, H, Marunouch, T and 
Yamada, M (1983) FEBS Lett 151, 139-142 

Finley, D., Ciechanover, А. and Varshavsky, А (1984) 
Cell 37, 43-55 

Ciechanover, А, Finley, D and Varshavsky, А (1984) 
Cell 37, 57-66 

Colwill, R.W and Sheinin, R (1983) Proc Natl Acad 
Sci. USA 80, 4644-4648 

Rossim, М, Baserga, $, Huang, СН, Ingles, CJ and 
Baserga, В. (1980) J Cell Physiol 103, 97-103 

Shales, М, Bergsagel, J. and Ingles, C J. (1980) J Cell 
Physiol 105, 527-532 

Waechter, Р.Е., Avignolo, С, Freund, E, Riggenbach, 
CM, Mercer, WE, McGuire, P M. and Baserga, R 
(1984) Mol Cell Biochem. 60, 77-82 

Murakami, Y , Yasuda, Н, Miyazawa, Н, Hanaoka, Е 
and Yamada, M. (1985) Proc Natl Acad За USA 82, 
1761-1765 

Ayusawa, D, Kimiko, Г and Seno, Т (1980) Biochem. 
Biophys Res. Commun 96, 1654—1661 

Hyodo, М. and Suzuki, К (1982) Exp Cell Res 137, 
31-38 

Tsai У, Hanaoka, Е, Nakano, М.М. and Yamada, M. 
(1979) Biochem Biophys Res Commun 91, 1190-1195 
Eden, E, Hand, В and Basihco, С (1980) J. Сей 
Physiol. 105, 259-266 

McCracken, А.А. (1982) Som. Cell Сеп 8, 179-195 
Nishimoto, T., Ishida, R, Арго, К, Yamamoto, $ and 
Takahashi, T (1981) J Cell. Physiol 109, 299—308 
Yamashita, K, Nishimoto, Т and Sekiguchi, M. (1984) 
J Biol Chem 259, 4667-4671 

Chen, D.J and Wang, ЕЈ. (1984) Exp Cell Res 155, 
549-556 

Naha, Р.М (1981) Cell Biol. Int. Вер 5, 981-986 
Fainsod, A, Marcus, M., Lin, Р and Ruddle, ЕН 
(1984) Proc. Май. Acad За. USA 81, 2393-2395 

Liu, H T., Gibson, СЛ, Hirschhorn, RR, Rittling, 5, 
Baserga, R. and Mercer, W.E (1985) J Biol. Chem 260, 
3269-3274 

Pardee, AB, Сатріз, J., Gray, НЕ, Dean, М and 
Sonenshein, С. (1985) Med. іп Cell Growth and Differ- 
entiation (Ford, RJ and Maizel, AL, eds), рр 21-29, 
Raven Press, New York 

Elder, P.K., Schmidt, LJ, Ono, Т and Getz, M J. (1984) 
Proc Natl Acad. Sci USA 81, 7476-7480 

Ки пр, S В, Gibson, C W., Ferran, S. апа Baserga, В. 
(1985) Biochem Biophys. Res Commun 132, 327-335 
Meister, R.K., Hulman, SE and Johnson, І.Е (1979) J 
Cell Physiol 100, 531—538 


358a Hamilton, КТ, Nilsen-Hamilton, М and Adams, G 


(1985) J Cell Physiol 12, 201—208 


358b Content, J, De Wit, L, Pierard, D, Derynck, R, De 


Clercq, E. and Fiers, W (1982) Proc Natl. Acad Sc 
USA 79, 2768-2772 


359 


360 


361 


362 


363 


364 


365 


366 


367 


368 


369 


370 


371 


371a 


372 


373 


374 


375 


376 


377 


378 


379 


380 
381 


382 
383 
384 
385 


386 


387 


Pledger, W J., Stiles, CD , Antoniades, Н.М. and Scher, 
C.D (1978) Proc. Natl Acad За USA 75, 2839-2843 
Melchers, F. and Lernhardt, W. (1985) Proc. Natl Acad 
Sa USA 82, 7681-7685 

Bockus, B J. and Stiles, C D (1984) Exp Cell Res 153, 
186-197 

Ralston, R. and Bishop, JM (1985) Proc Май Acad 
Sci USA 82, 7845-7849 

Smith, J С. and Stiles, C.D (1981) Proc Май Acad За 
USA 78, 4363-4367 Е 

Bravo, В., Burckhardt, J and Müller, К (1985) Exp Cell 
Res. 160, 540—543 

Scher, C.D., Stone, МЕ and Stiles, CD (1979) Nature 
281, 390-392 

Campisi, J and Pardee, А В (1984) Mol Cell. Biol 4, 
1807-1814 

Leof, EB, Wharton, W, Van Wyk, JJ. and Pledger, 
W.J (1982) Exp Cell Res 141, 107-115 

Tushinski, R J. and Warner, J R. (1982) J Cell Physiol 
112, 128-135 

Seuwen, К, Steiner, Ч and Adam, С (1984) Exp Cell 
Res 154, 10-24 

Shipley, R.D. and Ham, R С. (1983) Exp Cell Res 146, 
261-270 

O'Keefe, E J. and Pledger, W.J (1983) Mol Cell Endo- 
ennol 31, 167-186 

Rozengurt, E (1985) in Molecular Mechanisms of Trans- 
membrane Signalling (Cohen, Р and Houslay, M., eds.), 
pp. 429-452, Elsevier Science Publishers, Amsterdam 
Cantrell, DA and Smith, КА (1984) Science 224, 
1312-1316 

Reed, J С, Sabath, D E, Hoover, В.С and Prystowsky, 
М.В (1985) Mol. Cell. Biol. 5, 3361-3368 

Wharton, W., Van Wyk, J.J and Pledger, W.J (1981) J 
Cell Physiol. 107, 31-39 

Veigl, ML., Vanaman, TC and Sedwick, W D. (1984) 
Biochim. Biophys Acta 738, 21-48 

Tupper, J.T., Kaufman, L. and Bodine, РУ (1980) J. 
Cell Physiol 104, 97-103 

Sasaki, Y and Hidaka, Н (1982) Biochem Biophys Res 
Commun. 104, 451-456 

Chafouleas, J.G , Lagace, Г., Bolton, W E, Boyd, AE, 
III and Means, А.В (1984) Cell 36, 73-81 

Moolenaar, W Н, Tertoolen, L.GJ and de Laat, SW 
(1984) J Biol Chem 259, 8066-8069 

Frantz, C.N (1985) Exp. Cell Res 158, 287-300 

Wu, FS, Park, Y-C, Roufa, D and Магіопоя, А 
(1981) J Biol Chem 256, 53095312 

Welch, W.J , Garrels, J 1, Thomas, GP, Lin, JJ -C and 
Feramusco, J R (1983) J Biol Chem 258, 7102-7111 
Resendez, E, Jr.. Attenello, JW, Grafsky, A, Chang, 
CS and Lee, А.$ (1985) Mol. Cell Biol 5, 1212-1219 
Lee, A.S, Delegeane, A.M, Baker, V and Chow, PC 
(1983) J Вю] Chem 258, 597-603 

Zamecnik, Р (1983) Anal Biochem 134, 1-10 
Weinmann-Dorsch, C., Hedl, A, Grummt, L, Albert, W., 
Ferdinand, F -J., Friis, RR, Регоп, С, Moll, W and 
Општи, F (1984) Eur J Biochem. 138, 179-185 
Huneeus, VQ, Wiley, М Н and Siperstein, M D. (1980) 
Proc. Natl Acad. За USA 77, 5842-5846 


Habemcht, А J.R , Glomset, J.A and Ross, В, (1980) J. 
Biol. Chem 255, 5134-5140 

Quesney-Huneeus, V., Galek, НА, Siperstein, M.D., 
Erickson, S.K., Spencer, T A and Nelson, J.A (1983) J 
Biol. Chem. 258, 378—385 

Fairbanks, К.Р, Witte, L.D. and Goodman, D.S. (1984) 
J Biol Chem 259, 1546-1551 

Sinensky, M. and Горе, J. (1985) Proc Май Acad. Sci. 
USA 82, 3257-3261 

Schmidt, Е.А, Schneider, CJ and Glomset, ЈА (1984) 
J Biol Chem. 259, 10175-10180 

Ruley, НЕ. (1983) Nature (Lond ) 304, 602-606 
Nevins, J R (1982) Cell 29, 913-919 

Kingston, Е.Е, Baldwin, A.S , Jr. and Sharp, Р.А. (1984) 
Nature (Lond ) 312, 280—282 

Zullo, J N , Cochran, BH , Huang, A.S. and Stiles, C.D 
(1985) Cell 43, 793-800 

Wells, У and Маса, Г. (1985) Exp Cell Res. 159, 
27-36 

Ennat, M, Resnitzky, D. and Kimchi, А (1985) Proc 
Natl. Acad. Sc: USA 82, 7608-7612 

Tominaga, $ and Lengyel, Р. (1985) J Biol Chem 260, 
1975-1978 

Nir, U., Maroteaux, L , Cohen, В and Могу, I (1985) J 
Biol. Chem 260, 14242-14247 

Heil, M.F, Wu, JM and Chiao, J.W. (1985) Biochim 
Biophys. Acta 845, 17-20 


402 


403 


404 


405 


405a 


406 


407 


408 


409 


410 
411 


412 


125 


Lin, S L , Ts'o, РОР. and Hollenberg, М.О (1983) Life 
Ѕо 32, 1479-1488 

Baghom, С, Minks, М.А and Магопеу, Р.А. (1978) 
Nature (Lond ) 273, 684—687 

Hovanessian, A.G. and Wood, J.N (1980) Virology 101, 
81-90 

Tucker, В W , Pardee, A.B. and Fujiwara, К. (1979) Cell 
17, 527-535 

Kuchino, Y , Nemoto, К., Sadaaki, S. and Nichimura, S 
(1985) Jpn. J Cancer Res. 76, 75-78 

Jenuwem, T., Müller, D., Curran, T and Miller, В. 
(1985) Cell 41, 629—637 

Stanbndge, E.J., Der, C.J , Doersen, C.-J., Nishimi, КҮ, 
Peehl, D.M , Weissman, ВЕ and Wilkinson, Т.Е (1982) 
Science 215, 252-259 

Crowley, T.E., Nellen, W., Gomer, КН and Firtel, R.A 
(1985) Cell 43, 633-641 

Izant, JG and Weintraub, H (1985) Science 229, 
345-352 

Kim, $ К. and Wold, В J. (1985) Cell 42, 129-138 
Crouse, GF, McEwan, Е М and Pearson, М Г. (1983) 
Mol Cell Biol 3, 257-266 

Kaufman, ЕЈ, Wasley, L C, Spiliotes, AJ, Gossels, 
S D., Latt, S.A., Larsen, С R and Kay, ЕМ (1985) Mol 
Cell Biol 5, 1750-1759 


Biochimica et Biophysica Acta 865 (1986) 127-139 
Elsevier 


BBA 87159 


127 


Idiotypic interactions in immune responses to tumor-associated antigens 


Victor К. Lee **, Karl Erik Hellström 22 and Gerald T. Nepom "+ 


а Oncogen, " Genetic Systems Corporation, and‘ Department of Pathology, School of Medicine, Umversity of Washington, 
Seattle, WA (U.S.A.) 


(Received 27 February 1986) 


Contents 

I. Introduction .... . . Wd. ао qe rice ts 127 
П. —Idiotype-anti-idiotype interactions ... 128 
ПІ.  Antridiotypic antibodies as internal images of antigens он 129 
IV.  Idiotypic interactions in tumor immunity ...... 130 
V.  Amurine tumor model to evaluate immunity to tumor-associated differentiation antigens. . . i 131 
VI Generation of anti-6 10 antibodies (АБ) (ия 132 
VII. Testing for the presence of the 6 10 Id ın the sera of bladder-tumor-beanng mice нии 133 
VIII Detection of antibody response ın писе injected with Ab2 133 
ІХ. Does selection of ‘silent clones’ fail in anti-Id immunization to tumor-associated forbidden specificities? EON 135 
A  Concüsions - 20 3:50: iOS са м д ма ое 06 са Тәр 137 
Acknowledgements — ... gk eee eee 137 
References 55 Wii ie. ant Wea) Cede Ae hated ite 137 





* Present address: Virginia Mason Research Center, 1000 
Seneca St , Seattle, WA 98101, U.S.A. 
Abbreviations: MAb, monoclonal antibodies, TAA, tumor-as- 
sociated antigens, Id, idiotype; anti-Id, anti-idiotypic antibod- 
1es, Ig, immunoglobulin; DTH, delayed-type hypersensitivity; 
Ts, suppressor T cells; KLH, keyhole limpet hemocyanin; CRI, 
cross-reactive idiotype, TMV, tobacco mosaic virus; SV40, 
simian virus 40; HRP, horseradish peroxidase; LAI, leukocyte 
adherence inhibition BTCC, bladder transitional cell 
carcinoma; MCA, 3-methylcholanthrene 
Correspondence address: Dr У.К. Lee, ОМСОСЕМ, 3005 
First Avenue, Seattle, WA 98121, USA 








I. Introduction 


The existence of tumor-specific transplantation 
antigens was demonstrated more than 30 years 
ago in experimentally-induced animal tumors 
[1—4]. During the subsequent years, evidence has 
accumulated suggesting that human neoplasms 
also express tumor antigens, since cancer patients 
sometimes mount immunological responses to their 
autologous tumors [5,6]. However, the molecular 
nature and tissue distribution of the target anti- 
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gens remained elusive. As the result of the intro- 
duction of the hybridoma technology about a de- 
cade ago [7], monoclonal antibodies (MAb), mostly 
of mouse origin, have been made to many types of 
human cancer [8—10]. Detailed characterization of 
several of the corresponding tumor markers has 
been reported [11]. From these analyses, it has 
become clear that most (and perhaps all) of the 
markers defined by xenogeneic MAb are not 
strictly tumor-specific but are differentiation anti- 
gens shared by tumors and certain normal and/ or 
fetal tissues. Therefore, they are best referred to as 
tumor-associated antigens (TAA). Whether human 
tumor markers detected by xenogeneic responses 
are capable of evoking an antitumor response in 
cancer patients, and whether such antigens are 
indeed related to the response to autologous 
tumors in cancer patients, remain important ques- 
tions. Antigens which are either naturally im- 
munogenic in the syngeneic host or can be made 
immunogenic might potentially be used to induce 
antitumor immunity for therapeutic and possibly 
prophylactic benefits. 

One approach towards manipulating the im- 
mune system is based on idiotypic interactions 
[12]. This approach has made it possible to direct 
immune responses toward a predetermined goal, 
e.g., the protection of animals from lethal viral 
infections using ' vaccines' in the form of anti-idi- 
otypic antibodies (anti-Id) [13]. In addition, anti-Id 
can also be used to activate normally silent 
lymphocyte clones [12]. In this review, we shall 
address the idiotypic network in relation to tumor 
immunity emphasizing idiotypic manipulation of 
immune responses to TAA. We shall begin by 
reviewing reports from others dealing with this 
area. This is followed by a presentation and dis- 
cussion of recent findings from our analysis of 
specific 1mmune responses to a defined TAA ex- 
pressed by murine bladder carcinomas; these 
tumors are useful *models' for human cancer, since 
they express differentiation antigens whose degree 
of tumor specificity is similar to that of most TAA 
detected in human neoplasms. 


II. Idiotype—anti-idiotype interactions 


Тре description of immunoglobulin (Ig) idio- 
types has not only contributed knowledge about 


the heterogeneity of antibody structure, but has 
also paved the way for new insights into the 
mechanisms of immune regulation [14,15]. The 
unique antigenic determinants in and around the 
antigen-combining site of an Ig molecule which 
make one antibody distinct from another are de- 
fined as idiotopes. The totality of all idiotopes 
present on the variable portion of a given anti- 
body is referred to as its idiotype (Id). The molec- 
ular structure of an Id has been localized to both 
the complementarity determining regions and the 
framework regions of the variable domain and is 
generally but not always contributed to by both 
the heavy and the light chains in specific associa- 
tion [16]. Several recent studies have attempted to 
define specific Id through the use of synthetic 
peptides based on the sequences of the V and J 
regions of the Ig molecule [17,18]. 

Idiotypes are serologically defined entities since 
injection of an antibody (often referred to as Ab1) 
into a syngeneic, allogeneic, or xenogeneic recipi- 
ent induces the production of anti-idiotypic anti- 
bodies (often referred to as Ab2). When the bind- 
ing between Abl and Ab2 is inhibited by the 
antigen to which Abl is directed, the Id is consid- 
ered to be binding-site-related, since it may in- 
volve a site on the antibody variable domain that 
is engaged in antigen recognition. There are other 
interactions that cannot be inhibited by antigen. 
These may involve idiotopes spatially distinct from 
the binding site such as those in the framework 
regions. 

Based on the assumption that idiotype—anti-id- 
іоїуре (Ab1—Ab2) interactions exist physiologi- 
cally, a receptor-based regulation of the immune 
system can be envisaged. Niels Jerne [19] pos- 
tulated such a network theory which views the 
immune system as a collection of Ig molecules and 
receptors on T lymphocytes, each capable of re- 
cognizing an antigenic determinant (epitope) 
through its combining site (paratope), and each 
capable of being recognized by other antibodies or 
cell-surface receptors of the system through the 
idiotopes that it displays. A large body of recent 
studies has indeed demonstrated that Id and anti- 
Id receptors are present on the surface of both B 
and T lymphocytes as well as on secreted antibod- 
ies [16]. The level of a certain Id is up-regulated by 
the introduction of the appropriate antigen, and 


the increased synthesis of the antibody carrying 
that Id triggers the production of the correspond- 
ing anti-Id antibody, and so on. 

For the proposed mechanism to satisfactorily 
explain the regulation of antibody synthesis, at 
least two requirements should be fulfilled. First, 
an anti-Id response (Ab2) should follow the for- 
mation of antibodies (АЪ1) to an antigen. Evi- 
dence for such Ab2 upon antigen administration 
was first observed in BALB/c mice hyperim- 
munized with Streptococcus pneumoniae [20]. An- 
tibodies directed against phosphocholine on the 
Streptococcus were found in mice exposed to the 
bacteria and they expressed a common Id called 
Т15. The titer of antibodies with the ТІ5 Id 
peaked on day 5 after immunization with S. pneu- 
moniae, and auto-antibodies to that Id appeared 3 
days later [21]. Second, the introduction of anti-Id 
antibodies (Ab2) into an animal should influence 
the course of the relevant immune response. This 

has been verified in a variety of systems where the 
` in vivo administration of syngeneic, allogeneic and 
xenogeneic anti-Id antibodies in monoclonal or 
polyclonal form in the absence of antigen was able 
to alter the subsequent immune response [16]. For 
example, in the response of mice to a hapten, 
nitrophenyl, injection of nanogram doses of a 
monoclonal antibody specific for a given idiotope 
enhanced the subsequent expression of this 1dio- 
tope upon challenge with nitrophenyl, while mi- 
crogram doses of the same MAb suppressed it 
[22]. Furthermore, anti-íd can be used to both 
activate and suppress antibody-producing B cells 
as well as to induce different T-cell-mediated 
functions, including help, suppression, cytotoxic- 
ity and delayed-type hypersensitivity (DTH) 
[23-26]. Whether a particular Ab2 will enhance or 
suppress the immune response appears to depend 
on its dose, the timing and the route of injection 
as well as on the nature of the relevant antigen 
and the particular Id. An early observation sug- 
gesting. that the isotype of the Ab2 played a con- 
tributing role has been questioned as a result of 
more recent, well-controlled experiments [27,28]. 

Suppressor T cells (Ts) play an important role 
in regulating immune responses [29]. In several 
systems, subsets.of Ts appear to interact with each 
other through idiotypic and anti-idiotypic recep- 
tors [30,31]. For example, adoptively transferred 
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Ts (14%) can suppress а DTH response to the 
arsonate hapten by recruiting a population of 
anti-Id Ts effector cells, and the transfer of anti-Id 
Ts abrogates antiarsonate responses. Two separate 
studies have shown that such idiotypic interac- 
tions between Ts can occur in the absence of 
idiotypic responses involving Ig molecules [32,33]. 


Ш. Anti-idiotypic antibodies as internal images of 
antigens 


A central question in immunology is the mech- 
anism by which the diversity of antibody specific- 
ity is generated. The immune system is apparently 
capable of responding to antigenic agents that do 
not even exist naturally. The network hypothesis 
provides an answer to this question by postulating 
that each paratope in the immune system recog- 
nizes one or a few idiotopes that cross-react with 
epitopes of 'conventional exogenous antigens. 
That is, the antigenic universe of various molecu- 
lar conformations is reflected within the immune 
system by the millions of idiotopes expressed by 
Ig molecules and at lymphocyte surfaces. Those 
idiotopes which conformationally mimic an anti- 
genic epitope are sometimes called the internal 
image of that epitope [34,35]. Since both an Ab2 
and an antigen bind to the relevant Id* Abl, they 
may share a similar three-dimensional conforma- 
tion which represents the internal image. Early 
experimental evidence of this phenomenon came 
from studies of insulin by Sege and Peterson [36]. 
These investigators prepared an antiserum con- 
taining Ab2 to antibodies specific for bovine in- 
sulin and found that this antiserum had the same 
biological effect as the insulin molecule by trig- 
gering the insulin receptor [36]. Another example 
came from work on reovirus infection in mice [37]. 
A syngeneic monoclonal Ab2 was raised against a 
binding site-related determinant of an АҺ1 specific 
for reovirus type 3 hemagglutinin [38]. The Ab2 
bound to different cell lines with a degree of 
reactivity that closely paralleled their ability to 
bind reovirus type 3 [39]. It also competed with 
the virus for binding to viral receptors on neuro- 
nal cells, and it induced DTH reactions to re- 
ovirus type 3 [40]. Furthermore, hybridomas pro- 
ducing the anti-Id antibody could be lysed by T 
cell clones generated to the virus [41]. Hence, an 


130 


antibody molecule which was selected from a di- 
verse repertoire could mimic a viral determinant 
conformationally as an internal image. 

The practical implications of these studies for 
vaccine ‘production are obvious, especially in 
situations where purified antigen is difficult to 
obtain or where the antigen is poorly immuno- 
genic in its native form [42]. For example, specific 
protective immunity could be successfully induced 
by Ab2 in experimental African trypanosomiasis 
[43]. Monoclonal АБ1 against three distinct sur- 
face glycoproteins of a clone of Trypanosoma 
rhodsiense were chosen as the source of Id, based 
on the ability of the injected MAb to protect mice 
from trypanosome infection. Allogeneic anti-Id 
sera were made to the Id of each of three Abl, 
and the IgG1 fractions were purified. Inoculation 
of mice with an Ab2 serum prior to challenge with 
the parasite protected them against infection. 

Subsequent studies have shown that injection 
of Ab2 into animals that have never ‘seen’ an 
epitope associated -with an infectious agent can 
induce neutralizing antibodies to that antigen. In 
some cases, specific protection has been demon- 
strated against challenge with live bacteria, viruses 
and parasites [44—49]. Monoclonal Ab2 rather than 
those of polyclonal origin can be used as well. For 
example, a monoclonal Ab2 was made against the 
T-15 idiotype, conjugated to keyhole limpet hemo- 
cyanin (KLH), and used to immunize BALB/c 
mice, which subsequently produced Ab1-like anti- 
· bodies to phosphocholine [45]. When the mice 

were challenged with a lethal dose of 5. pneumo- 
niae, they were protected. 

In the trypanosomiasis study referred to above, 
priming with Ab2 gave protective immunity only 
when certain allotype-linked genes were present in 
the immunized host [50]. Such genetic restriction 
is likely to limit the use of an Ab2 in the manipu- 
lation of immune responses in outbred popula- 
tions. However, encouraging results have been re- 
ported in that it is possible to use allogeneic and 
‘even xenogeneic Ab2 for activating lymphocyte 

‚ clones: which express Id that are not normally 
detected [51—57]. For example, A/J mice exposed 
to the hapten arsonate mount an Abl response 
with a cross-reactive Id (CRI) that is not detected 
in BALB/c mice challenged with the same antigen 
[58]. Although molecular studies indicated that the 


genes which encode the CRI in strain A/J are 
absent from the genome of strain BALB/c, Moser 
et al. [56] could use anti-Id antibodies against the 
CRI of A/J mice to induce the same CRI in 
BALB/c. Francotte et al. [57] extended this ob- 
servation by demonstrating the activation of silent 
clones even across species barriers. Antibodies 
(Ab1) were prepared in rabbits to tobacco mosaic 
virus (TMV) protein and were used to raise Ab2, 
also in rabbits. The Ab2 appeared to be directed 
against a private Id that was not detected on other 
rabbit antibodies against TMV. The Ab2 was in- 
jected into BALB/c mice whose lymphocytes were 
immortalized by fusion to make MAb. MAb were 
identified with both the private rabbit Id and the 
ability to bind to TMV. It is noteworthy that in 
this situation, an internal image anti-Id was not 
required for the induction of Ab1-like Ab3. 


IV. Idiotypic interactions in tumor immunity 


The idiotype regulatory network could con- 
ceivably play Key roles in regulating immune re- 
sponses to tumor antigens and this may have 
many clinical implications. For example, Ab2 
might be used diagnostically to detect and moni- 
tor antitumor immune responses, as well as ther- 
apeutically, and possibly even prophylactically, to 
induce (or up-regulate) host reactivity to tumors. 

In spite of the importance of the problem, the 
number of published studies in this area is small. 
Flood et al. [59] induced an immune response to 
the idiotypes of T lymphocytes generated against 
a highly immunogenic ultraviolet-induced fibro- 
sarcoma. This led to the suppression of a strong 
immune response to this specific tumor and per- 
mitted the growth of tumor cells in vivo, while an 
unrelated fibrosarcoma was consistently rejected 
by similarly treated animals. Furthermore, it was 
demonstrated that animals developing anti-Id im- 
munity possessed cytolytic T cells capable of lys- 
ing tumor specific lymphocytes. Tilkin et al. [60] 
performed a similar experiment by raising an anti- 
Id response to suppressor T cells, and they ob- 
served inhibition of tumor growth in vivo. Binz et 
al. [61] showed that anti-Id antibodies could prime 
for a cytotoxic T cell response against a rat tumor 
in vitro. However, when rats treated with Ab2 
were challenged with a tumor transplant in vivo, 


tumor growth was enhanced, and this was attri- 
buted to the ablation of Id* effector cells. 

Forstrom et al. [62] hyperimmunized BALB/c 
mice with cells from a transplanted methyl- 
cholanthrene-induced sarcoma and prepared poly- 
clonal antiserum and a MAb from these mice. 
Both the antiserum and the MAb could prime 
BALB/c mice for DTH reactions to the sarcoma. 
The DTH could be transferred by Thy 1*, Lyt 1* 
lymphocytes to naive mice and was specific for the 
immunizing tumor as compared to other BALB/c 
sarcomas. The MAb did not bind to tumor cells, 
and it could be used to isolate Thy 17, Lyt 1* 
cells responsible for DTH to the sarcoma (Nelson 
et al, unpublished findings) Priming of DTH 
with the antibody was restricted by allotype-lin- 
ked genes [62]. 

Nepom et al. [63] prepared a rabbit anti-Id 
antiserum (Ab2) against a monoclonal mouse anti- 
body, 8.2 (Abl) which defined a human 
melanoma-associated antigen, p97, and showed 
that the binding between Abl and Ab2 could be 
inhibited by melanoma lysate containing p97. The 
rabbit antiserum induced specific DTH to human 
melanoma cells in mice, as well as humoral anti- 
bodies which immunoprecipitated the p97 antigen. 
The authors suggested that a similar approach 
may be used to induce an active immune response 
to a variety of TAA. 

Kennedy et al. [64] raised rabbit anti-Id anti- 
bodies against two mouse MAb which were specific 
for the amino and carboxyl termini of the T 
antigen of simian virus 40 (SV40). A small frac- 
tion of the T antigen is expressed at the surface of 
SV40-induced tumor cells and is able to invoke 
immunity. Priming with a pool of two anti-Id 
antibodies led to reduced tumor size and increased 
survival time in approx. 60% of mice upon chal- 
lenge with syngeneic SV40-induced tumor cells. In 
some cases, the treated mice showed no detectable 
tumors whereas all mice of the control group died. 

In the experiments reviewed so far, the target 
antigens on tumors were either not identified 
[59—62] or they were molecules entirely foreign to 
the host such as a human antigen (p97) in a mouse 
or an antigen encoded by a monkey virus (SV40) 
and introduced into a mouse [63,64]. Whether 
anti-Id antibodies can induce protective immunity 
against syngeneic tumors when the target antigens 
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are expressed during certain stages of differentia- 
tion remains an open question. 

Among the numerous tumor antigens which 
have been identified by xenogeneic MAb, very few 
(if any) are entirely tumor-specific because they 
are often expressed in fetal tissues and in certain 
normal adult tissues [11]. They are called tumor 
antigens based upon their association with tumors, 
yet little information is available as to whether 
any of these can elicit an immune response in the 
syngeneic host. We have tested this notion using, 
as the antigenic target, a defined tumor marker in 
an animal model, and specific Ab2 to probe and 
manipulate idiotypic interactions. Our findings are 
described below. 


V. A murine tumor model to evaluate immunity to 
tumor-associated differentiation antigens 


Murine chemically-induced transitional cell 
carcinomas of the urinary bladder have several 
advantages as a model [65]. They are transplanta- 
ble in syngeneic mice for in vivo propagation and 
can be cultured in vitro as cell lines. They closely 
resemble human bladder carcinoma in histology 
and are chemically induced, as human bladder 
carcinomas are believed to be, and they are, of 
course, carcinomas, like most human malignan- 
cies. They have shared TAA which can elicit 
specific lymphocyte-mediated immune response in 
vitro [66,67], and this characteristic is shared with 
human bladder cancer where lymphocyte-media- 
ted cytotoxicity to autologous and allogeneic 
bladder carcinoma cells has been reported [68]. 
Furthermore, the provocative observation has been 
made that rats immunized with syngeneic bladder 
tumors and exposed to chemical carcinogen 
showed a longer latency period before they devel- 
oped primary bladder tumors [66]. 

In an attempt to develop xenogeneic MAb to 
TAA shared by mouse bladder carcinomas, rats 
were immunized against tumors of BALB/c origin 
and their spleen cells were hybridized with NS-1 
mouse myeloma cells, after which the hybridomas 
were screened for production of antibodies bind- 
ing to bladder tumor cells [69-71]. Specificity 


analysis of selected MAb was then performed by 


immunohistochemical testing on different normal 
and neoplastic mouse tissues. The antigenic targets 
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TABLE 1 
CHARACTERISTICS OF ТНЕ 6 10 Id SYSTEM 











АЫ (Id) 


Rat MAb 6 10 


АЪ2 (anti-Id) Ab3 
(1) Mouse MAb 21D9 and 43A10 


Mouse anti-Ab2 antibodies 


(2) Polyclonal rabbit antiserum 





Specificity oncofetal antigen p175 on murine rat MAb 6 10 Id unique for each Ab2 
bladder carcinoma cells 
Activity (1) binds bladder carcinomas, (1) bind Abl 
some normal and fetal tissues (2) induce Ab3 


(2) 1nduces Ab2 


of the most specific MAb were studied for their 
cell-surface association and characterized by im- 
munochemical techniques. 

The most specific antibody obtained by this 
approach was MAb 6.10 [69]. It is a rat IgG2a 
which defines an antigen expressed by all bladder 
tumors tested, primary as well as transplanted, in 
vivo tumors as well as in vitro cell lines and which 
is also expressed by certain fetal tissues, and, in 
smaller amounts, by some epithelial cells from the 
adult host. Thus, MAb 6.10 has approximately the 
same level of specificity for bladder carcinoma as 
do many MAb to human TAA. The antigen de- 
fined by MAb 6.10 is a monomeric phosphogly- 
coprotein with a molecular weight of 175000 
(p175) and is located at the cell surface. Serologi- 
cal analysis showed no relationship between this 
antigen and the independently described mole- 
cules р185 .ог epidermal growth factor receptor 
(unpublished results; Refs 72,73). 

Antibody 6.10 was used as Abl for idiotypic 
analysis in the studies described below. Mono- 
clonal and polyclonal anti-Id antibodies (Ab2) 
were generated against the 6.10 idiotype [74]. These 
antibodies were used as probes for detecting natu- 
rally occurring antibodies bearing the 6.10 Id in 
the sera of mice with tumors and as immunogens 
for the induction of Ab3. The idiotypic and anti- 
gen specificities were examined. Data related to 
the 6.10 Id system are summarized in detail in 
Table I. 


VI. Generation of anti-6.10 antibodies (Ab2) 


Monoclonal anti-Id antibodies (Ab2) were 
raised against MAb 6.10 by immunizing mice and 





hybridizing their spleen cells. Out of approxi- 
mately 2000 hybrids screened, two clones (21D9 
and 43A10) were selected, each of which was 
derived from a different fusion. In immunodiffu- 
sion tests, both were found to produce IgM anti- 
bodies. Competitive binding inhibition assays 
showed that antibodies 21D9 and 43A10 bound to 
idiotopes on MAb 6.10 and not to rat Ig-specific 
determinants, and preincubation of MAb 6.10 with 
excess rabbit anti-rat IgG specific for both heavy 
and light chains did not substantially inhibit the 
binding of Ab2 to Abl. 

To test the relationship between the 6.10 idio- 
topes and the antigen combining site, a competi- 
tive binding assay was performed. Purified MAb2 
were adsorbed onto wells of microtest plates, after 
which different amounts of lysates from cultured 
cells of bladder carcinoma BTCC-1660 and 
sarcoma МСА-1511 (as negative control} were 
added as inhibitors followed by a constant amount 
of MAb 6.10. The reaction was detected by adding 
rabbit anti-rat IgG-HRP (horseradish peroxidase) 
and chromogen. In these experiments, the bladder 
tumor lysate competitively inhibited the binding 
of antibody 6.10 to MAb 21D9 and 43A10 in a 
dose-dependent manner, while the sarcoma lysate 
showed no significant blocking. Since the ob- 
served inhibition of АҺ1-АЬ2 interactions by 
bladder tumor lysate could be due to steric 
hindrance upon binding of the p175 to MAb 6.10, 
the results do not prove that the idiotopes defined 
by the antibodies 21D9 and 43A10 are the exact 
determinants involved in antigen recognition. 
However, they suggest that the Ab2-defined idio- 
topes are located in close proximity to the antigen 
combining site. ) 


Polyclonal rabbit Ab2 were also raised to MAb 
6.10. This was done in order to increase the prob- 
ability of obtaining an Ab2 which could act as an 
internal image. Since rabbit sera have, in many 
systems [47,64,75], been the most commonly and 
successfully used anti-Id reagents, a New Zealand 
White rabbit was immunized with MAb 6.10. After 
five monthly immunizations, the rabbit serum was 
exhaustively absorbed on an affinity column pre- 
pared with purified normal rat IgG until all detec- 
table reactivity to rat IgG was removed. The rab- 
bit anti-Id antibodies were then obtained from the 
absorbed serum by chromatography on an а 
column containing МАЂ 6.10. 

In order to characterize the expression of the 
different idiotopes expressed on MAb 6.10, the 
two MAb, 21D9 and 43A10, as well as the rabbit 
polyclonal Ab2 were analyzed for their ability to 
inhibit each other's binding to MAb 6.10 (Table 
П). Each Ab2 inhibited, іп a dose-dependent fash- 
ion, the binding of itself to solid phase MAb 6.10. 
The two MAD? also inhibited each other but they 
did not significantly inhibit the rabbit Ab2. These 
results suggest that MAb 21D9 and 43A10 recog- 
nize idiotopes on antibody 6.10 which are closely 
related. Since the rabbit Ab2 inhibited MAb 43A10 
to a much greater extent than MAb 21D9, the two 
monoclonal Ab2 are probably not directed to the 
identical idiotope. 

Presumably, therefore, MAb 21D9 and 43A10 
recognize closely located idiotopes so that the 
binding of one Ab2 sterically hinders the subse- 


TABLE II 
SPECIFICITY OF THE Ab2 (ANTI-MAb 610) RESPONSE 








Ab2 bound to Inhibitor Ф Inhibition # 
MAb 6 10 
21D9 21D9 100 
43A10 90 
. rabbit Ab2 40 
43A10 21D9 100 
' 43A10 100 
rabbit Ab2 100 
Rabbit Ab2 21D9 0 
43A10 22 
rabbit Ab2 100 





^ Maximal inhibition obtamed with excess inhibitor at 
saturated binding conditions. 
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quent binding of the other. Since MAb 43A10 
slightly inhibited the rabbit Ab2, while MAb 21D9 
did not, the rabbit Ab2 must recognize more than 
one idiotope on the MAb 6.10 Id, one of which 
may be overlapping with the site defined by MAb 
43A10. Although the idiotopes recognized by anti- 
bodies 21D9 and 43A10 are closely linked, the one 
defined by 21D9 does not seem to belong to the 
set of idiotopes reactive with rabbit Ab2. There- 
fore, it appears that at least three idiotopes on 
MAb 6.10 have been identified. 


VII. Testing for the presence of the 6.10 Id in the 
sera of bladder-tumor-bearing mice 


Since MAb 6.10 was obtained from a rat im- 
munized with mouse bladder carcinoma cells, it 
needed to be determined whether the same Id was 
also present in BALB/c mice bearing syngeneic 
bladder tumors. The approach chosen to study 
this was to search for the 6.10 Id in the immuno- 
globulin fraction of sera from mice with such 
tumors. A positive finding would indicate that 
antibodies bearing the 6.10 Id occur during pro- 
gression of syngeneic bladder carcinoma in mice; 
a corollary of such a finding is that mice and rats 
would have to share the 6.10 Id and that mice 
could mount an antibody response to p175. Mice 
were implanted subcutaneously with the BTCC- 
1660 bladder tumor and their sera were obtained 
at various subsequent time-points and assayed. 
Different dilutions of the serum samples were 
preincubated with !*°J-labeled MAb 21109, 43A10 
or rabbit Ab2 and the mixtures were added to 
MAb 6.10 bound onto a solid phase. Sera from 
untreated BALB/c mice and from BALB/c mice 
bearing sarcoma MCA-1511 were used as controls. 
No significant hibition was observed with sera 
obtained at different stages of bladder tumor 
growth when tested toward MAb 21D9, 43A10 or 
the rabbit Ab2; that is, the idiotopes on MAb 
6.10, as defined by the Ab2 used, were not de- 
tected in the mouse sera. 


VIII. Detection of antibody response in mice in- 
jected with Ab2 


Immunization of animals with the proper Ab2 
can induce an anti-anti-idiotypic antibody, termed 
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АБЗ [16]. Тһе Ab3 can resemble the original Ab1 
in idiotypic specificity [16], but sometimes lack 
antigen specificity. To analyze the Ab3 response 
to Ab2 in the mouse bladder tumor system, MAb 
21D9 and 43A10 were used to immunize BALB/c 
mice and their sera were subsequently assayed for 
antibodies expressing MAb 6.10 1diotopes and for 
the ability to bind to the bladder carcinoma-asso- 
ciated p175 antigen. In order to render the MAb2 
more immunogenic to the syngeneic mice, the 
antibodies were copolymerized to the protein car- 
rier KLH using glutaraldehyde [76]. 

Serum samples from mice injected with a given 
monoclonal Ab2 were tested along with controls 
in the form of normal BALB/c serum and sera 
from mice injected with KLH conjugated to an 
irrelevant peptide. Figure 1 shows that sera from 
mice injected with either of the two monoclonal 
Ab2 completely inhibited the binding of the same 
Ab2 to MAb 6.10, and the control sera gave no 
inhibition. Sera from mice injected with both 
МАР2 inhibited МАЂ 2109 and 43A10 equally 
(not shown). | 

Immunization with purified polyclonal rabbit 
Ab2 was also used to raise Ab3 in BALB/c mice, 
following a protocol published by Bluestone et al. 
[75]. Mice were injected with rabbit Ab2 in saline 
on days 0, 3 and 14. As a control, other mice were 
injected with rabbit anti-rat IgG antibodies which 
had been isolated from the original immune rabbit 
serum by affinity purification on a column con- 
jugated with normal rat IgG. The antibody re- 
sponse of the mice was measured by a competitive 
radioimmunoassay. Sera from mice injected with 
control antibodies showed a low level of inhibition 
of 125] Јађејед rabbit Ab2 to MAb 6.10, which was 
probably due to the presence of antibodies to 
rabbit immunoglobulin (not shown). In contrast, 
sera from mice given the rabbit Ab2 gave a strong 
inhibition (Fig. 1). 

Тһе sera from mice injected with each of the 
three Ab2 were then used to inhibit the binding of 
PSLAb2 to Abl (MAb 6.10) in a criss-cross 
manner (Fig. 1). Sera from mice receiving anti- 
body 21D9 completely inhibited the binding of 
125]-|абее4 2109 but not that of МАЂ 43A10, 
and vice versa (Fig. 1, panels A and B), while sera 
from neither of these two groups of mice inhibited 
the binding of iodinated rabbit Ab2. This was 
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Fig 1 Effect of sera from писе injected with mouse (А and B) 
or rabbit (C) Ab2 on the binding of the Ab2 to MAb 610, 
showing specificity of Ab3 


unexpected because of the previous demonstration 
that the Abl-associated idiotope recognized by 
MAb 43A10 might constitute a subset of the rab- 
bit Ab2-defined idiotopes. There was thus an ех- 
quisite specificity of each Ab3 for its own particu- 
lar inducing Ab2. 

Ab2 of the internal image type are assumed to 
share some molecular configuration with the anti- 
genic determinant. In a number of experimental 
systems (see Section IV above), the Ab3 induced 
by injection of Ab2 could bind to the original 
antigen. Therefore, sera containing Ab3 from the 
three groups of mice injected with the different 
Ab2 preparations were tested for antigen binding 
capacity. A competitive radioimmunoassay was 
used in which the sera were first absorbed on 
BTCC-1660 (p175 positive) or MCA-1511 (р175 
negative) tumor cells. After absorption the sera 
were used as competitors in the radioimmunoas- 
say, unabsorbed sera were used as control. The 
rationale for this experiment was the following: If 
the АБЗ had AbI-like activities, they should bind 
to the p175 antigen on tumor cells, so that in the 
radioimmunoassay, the sera absorbed with BTCC- 
1660 cells would no longer be able to inhibit the 
binding between Ab2 and Ab1, while unabsorbed 
sera or sera absorbed on negative MCA-1511 cells 


should give similar inhibition. No Abl-like activ- 
ity was found in any of the Ab3 sera. 

The Ab3 sera were also used in an attempt to 
immunoprecipitate p175 from [?S]methionine and 
1251 Дађејеа BTCC-1660 lysates. No reactivity of 
Ab3 sera with p175 was found in any of several 
such experiments. Finally, spleen cells from rabbit 
Ab2-induced mice were hybridized with NS-1 cells. 
A total of 800 hybridomas were examined for 
binding to cultured BTCC-1660 cells by ELISA. 
Again, no AbI-like binding to bladder tumor cells 
was detected. Altogether, these experiments then 
indicate, within the limitations under which they 
were carried out, that there is no antibody re- 
sponse involving the 6.10 idiotype in mice with 
bladder carcinomas, nor is such response induci- 
ble by using anti-idiotypic antibodies. 


IX. Does selection of ‘silent clones’ fail in anti-Id 
immunization to tumor-associated forbidden 
specificities? 


The key findings of our studies as so far pre- 
sented are summarized by the following three 
statements. (1) Monoclonal and polyclonal Ab2 
made to the 6.10 Id define at least three distinct 
private idiotopes that are not normally present in 
the sera of mice exposed to bladder tumors. (2) 
Each АЪ2 elicits ап АБЗ response that is strictly 
specific for unique idiotopes on the' inducing Ab2. 
(3) The Ab3 response shows no reactivity with the 
tumor antigen defined by MAb 6.10. We shall 
now discuss the implications of these observations 
by attempting to answer three questions. 


Question 1: Why is the Ab3 specific for each Ab2? 


The idiotypic immunization cascade was first 
used by Urbain and Cazenave to próduce four sets 
of antibodies, Ab4 against Ab3 against Ab2 against 
Ab1 [77,78]. The results of their studies suggested 
the circular nature of Id anti-Id interactions in 
that Ab3 behaves like Abl and Ab4 behaves like 
Ab2 in binding specificity. Since then, Ab2 have 
been used in many systems to induce the produc- 
tion of Abl-like Ab3 [44—49]. Furthermore, Ab2 
have been used to activate normally silent clones 
[51-57]. This approach suggests а way of turning 
on antibody-producing clones in animals that may 
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not normally express them as a part of the natural 
immune response upon exposure to a given anti- 
gen. 

Two MAb2 of mouse origin and rabbit 
affinity-purified polyclonal Ab2 were raised to 
MAb 6.10 as Abl. These three antibodies which 
defined at least three different idiotopes on anti- 
body 6.10 were used as probes for experiments 
which showed that antibodies with the 6.10 Id are 
not naturally present in mice with transplanted 
bladder tumors. 

The next step was to inject separate groups of 
mice with each of the three available sources of 
Ab2 (the two monoclonal anti-Id and the poly- 
clonal rabbit serum). An Ab3 response was elicited 
in each of the: three groups and was shown to be 
specific for only the inducing Ab2. Generally, two 
populations of antibodies capable of binding Ab2 
have been described in work performed with non- 
tumor antigens [79]. One Ab3 population shares 
Id determinants with Abl and may bind antigen. 
The other Ab3 population is called true anti-anti- 
Id and it is not idiotypically cross-reactive with 
Ab], since it is directed to idiotopes on Ab2. This 
Ab3 does not bind antigen. Bluestone et al. [80] 
reported that xenogeneic polyclonal antibodies 
made to the Id of a MAb defining a H-2 antigen 
could induce an Ab3 that reacted with a syngeneic 
MAbz2. This indicated that the polyclonal anti-Id 
antibodies induced Abl-like molecules. On the 
other hand, in a study on the mouse myeloma Id 
ABPC 48, Ab3 were induced and demonstrated to 
be anti-anti-Id and not Ab1-like [81]. Three mono- 
clonal Ab2 were made to the ABPC 48 Id of the 
myeloma. Each Ab2 was injected into mice whose 
serum antibodies were analyzed. The Ab3 ге- 
sponses to the different MAb2 were found to be 
independent of each other with the majority of the 
Ab3 binding to only опе MAD2, similar to our 
findings 1n the mouse bladder system. The co-ex- 
pression of two АВРС 48 idiotopes on the same 
Ab3 was rarely found. RNA blotting experiments 
and sequence comparison of the Ун of Abl and 
Ab3 molecules suggested that the Ab3 formed in 
response to Ab2 was structurally dissimilar to Abl 
and was probably anti-anti-Id response towards 
unique idiotopes on each individual Ab2. The Ab3 
in the bladder tumor system described here may 
be similar to thé antibodies in the ABPC 48 study. 
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Question. 2: Why were there по antigen-binding 
Ab3? 


As mentioned above, Ab3 produced in response 
to Ab2 have been demonstrated to sometimes be 
similar to АБ] 1n reacting with the original anti- 
gen, and this has been taken as the most definitive 
demonstration for the presence of internal image 
antibodies in the Ab2 preparation. If antigen-bin- 
ding Ab3 could, likewise, be induced 1n a tumor 
system, this would be advantageous, since such 
antibodies may have a therapeutic effect against 
the tumor, for example by mediating antibody-de- 
pendent cellular cytotoxicity, fixing complement 
or arming macrophages [82]. Therefore, the Ab3 
generated in the mouse bladder system were tested 
for binding to the antigen defined by MAb 6.10. 
However, no such binding was found. 

It is, of course, possible that antigen binding 
Ab3 were present but in quantities too low to be 
detected in the serum, for example, as a result of 
absorption to antigen-positive cells ш vivo. The 
fact that very few tissues in the adult mouse 
express the p175 antigen defined by MAb 6.10 
makes this possibility unlikely [69]. Furthermore, 
when spleen cells from Ab2-treated mice were 
converted to hybridomas, none of the hybridomas 
produced antibodies which bound to bladder 
tumor cells. 

A second possibility is that there are no germ- 
line genes in BALB/c mice for the 6.10 Id. А]- 
though the germline repertoire may be roughly the 
same for rats and mice, mutations may have oc- 
curred in each species so that BALB/c mice can- 
not generate antibodies with an Id identical to 
that of rat MAb 6.10. A recent study of a MAb 
for nitrophenyl revealed that one amino-acid sub- 
stitution іп the D region can have a profound 
effect on the Id [83]. While the mutant MAb 
retained its specificity for nitrophenyl, its Id had 
been drastically changed from that of the parental 
antibody, so that an Ab2 made to the wild-type 
MAb did not react with the mutant antibody. 

A third possibility for the absence of 
antigen-reactive АЪЗ is that the Ab2 preparations 
used did not include any internal image antibod- 
ies. This possibility cannot be excluded, although 
three Ab2 preparations were used, one of which 
was a rabbit immune serum that contained anti- 


bodies reacting with more than one idiotope. 

A fourth possibility is that internal image Ab2 
were, in fact, present in the anti-Id reagents used 
but that any lymphocyte clone capable of making 
АЪ1-ПКе antibodies was suppressed (or deleted) in 
view of the fact that the antibody it made would 
react with a differentiation or “self” antigen. There 
may be a need for powerful host mechanisms to 
suppress the emergence of such clones, since Abl 
specific for self antigens could cause destruction 
of tissues expressing the antigens as well as other 
manifestations of autoimmune disease. 

Koprowski et al. [84,85] raised.a mouse mono- 
clonal antibody to a differentiation antigen associ- 
ated with human gastrointestinal cancer and in- 
fused high doses of antibodies into patients with 
metastatic colorectal carcinoma. In the sera of 
several of the treated patients, anti-Id antibodies 
were detected. These antibodies appeared to be 
directed to idiotopes closely related to the binding 
site of the infused MAb, and it was suggested that 
the presence of anti-Id in the patients’ sera corre- 
lated with the remission of the disease. However, 
no evidence was presented that the patients in 
remission did have an active antibody and/or T 
cell response to the tumor-related antigen. 


Question 3: Are cell-mediated responses involved? 


The lack of antigen-binding Ab3 in mice receiv- 
ing Ab2 may not necessarily mean that an ım- 
mune response has not been triggered. In many 
systems, anti-Id reagents raised against Abl anti- 
bodies have been shown to interact with Id of T 
cells, and induce cell-mediated immune responses, 
such as DTH or cytolytic T cells [16]. For exam- 
ple, in the reovirus system [86], a monoclonal Ab2 
was made to a monoclonal Ab1 which was specific 
for the hemagglutinin of reovirus type 3. This 
MAb2 bound to cytolytic T cells which were gen- 
erated against reovirus-infected target cells, and it 
primed for DTH in vivo [40,41]. In the azoben- 
zenearsonate system, an Ab2 was made to a 
cross-reactive idiotype (CRI) of Ig in A/J mice 
and shown to induce suppressor T cells in CBA 
mice. These mice did not produce any antibodies 
with the CRI, even when hyperimmunized [87]. 

In a study of chemically induced murine 
sarcomas, a monoclonal mouse antibody was iden- 


tified which functioned as Ab2 in the sense that it 
induced tumor specific DTH mediated by Thy 1*, 
Lyt 1* cells in an allotype-restricted fashion [62]. 
АЪ2 treatment had ап antitumor effect when tested 
in vivo, against transplants of the relevant tumor 
(Nelson et al., unpublished data) While T cell 
immunity was induced by Ab2 priming in this 
study, it is noteworthy that no specific Abl activ- 
ity was identified against this tumor. This suggests 
that idiotypic interactions of T cells, B cells and Ig 
molecules may operate independently in terms of 
regulatory controls, so that an Id* T cell may 
substitute for a ‘forbidden’ Ab1 upon stimulation 
by an Ab2 [32]. 

In a similar study, rabbit Ab2 were made to a 
MAb specific for the SV40 T antigen and was 
injected into mice [64]. The primed animals dem- 
onstrated protection against challenge with SV40- 
induced tumors, while no humoral antibody was 
detected. The authors süggested that cellular 
mechanisms were responsible for the tumor rejec- 
tion after anti-Id administration. ' 

Recently, monoclonal Ab2 21D9 and 43A10, 
referred to above, were used to induce bladder 
tumor-specific cell-mediated immunity in syn- 
geneic mice, as shown by DTH in vivo and 
leukocyte adherence inhibition (LAT) reactivity in 
vitro [74]. MCA-1511 sarcoma and its correspond- 
ing MAb2, 5.96, were used as controls. Lympho- 
cytes from mice sensitized with 21D9 or 5.96 
specifically recognized antigens in extracts of 
BALB/c bladder carcinoma BTCC-1660 and 
sarcoma MCA-1511, respectively. This reactivity 
was selectively abrogated by prior treatment of the 
sensitized cells with the appropriate anti-Id anti- 
bodies and complement. An antigen recognized in 
vitro by 21D9-sensitized lymphocytes could be 
separated from BTCC-1660 extract by im- 
munoadsorption with antibody 6.10 and elution 
with acidic buffer. These findings suggest that the 
р175 oncofetal antigen can be recognized by T 
cells of syngeneic mice after in vivo administration 
of anti-Id antibodies. 


X. Conclusions 
From the limited number of reports analyzing 


the effects of anti-Id ш tumor systems, there ap- 
pears to be a preferential induction of T cell 
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response and.an apparent lack of humoral anti- 
bodies. Clearly, more data are needed before this 
Observation can be a generalization. However, it is 
important. to determine why a cell-mediated re- 
sponse appears to be favored. Since different T-cell 
populations have different functions, ıt 1s possible 
that injection of Ab2 can either upregulate or 
down-regulate the immune responses, dependent 
on whether the antibody interacts with T helper or 
T suppressor cells and whether the given cell 
population is activated or inhibited by the anti- 
body. It is thus crucial to know whether a particu- 
lar Ab2 reacts with helper or suppressor T cells or 
both and what the outcome of the interactions is 
[88]. For example, if an Ab2 could eliminate Id- 
positive suppressor T cells and stimulate Id-posi- 
tive helper T cells, this would be advantageous to 
the host, while the reverse effect could be detri- 
mental. The following two sets of experiments 
with contrasting results illustrate this point clearly. 
In the first case, rabbit Ab2 were made to a 
monoclonal АБ1 against the hepatitis virus and 
shown to induce virus neutralizing Ab3 [46]. How- 
ever, an Ab2 prepared 1n an analogous way by the 
same group of investigators and used to prime 
mice to the herpesvirus increased the pathogenic- 
ity of the virus so that the Ab2-treated mice had a 
shorter survival time than the untreated animals 
[89]. 

These findings illustrate the importance of 
selecting the appropriate tumor marker and 1dio- 
typic reagents for use as the target for an Ab2-in- 
duced response. An approach using naturally oc- 
curring Id* Ig or T cells in a tumor-bearing host 
may be advantageous for stimulating antitumor 
responses with anti-idiotype immunogens. 


Acknowledgements 


This work was supported by grant CA39211 
from the National Institutes of Health and by 
ONCOGEN. We thank Dr. Karen Nelson for 
helpful discussions; Ms. Holly Chase and Ms. 
Phyllis Harps for preparation of the manuscript. 


References 


1 Gross, L (1943) Cancer Res 3, 326 
2 Foley, EJ (1953) Cancer Res. 13, 835 


138 


3 Prehn, R and Main, D. (1957) J. Natl Cancer Inst 18, 768 
4 Klein, G, Sjögren, H.O., Klein, E. and Hellström, КЕ 


5 


6 


7 


ос 


10 


24 


(1961) Cancer Res 20, 1561 
Hellstróm, K.E and Hellstróm, I. (1969) Adv Cancer Res 
12, 167 

Shiku, HJ, Takahashi, T, Resmck, L.A., Oettgen, НЕ 
апа Old, L.J (1976) J Exp. Med 144, 873 

Köhler, С and Milstein, С (1975) Nature 256, 495 
Koprowski, Н. and Herlyn, M. (1985) in Molecular Biology 
of Tumor Cells (Wahren, B, Holm, С, Hammarstrom, S. 
and Perlmann, Р, eds), р 123, Raven Press, New York 
Reisfeld, RA, Harper, JR and Bumol, ТЕ (1984) CRC 
Cnt. Rev Immunol 5, 27 

Hellström, K.E., Hellström, I. and Brown, JP (1982) 
Springer Semin Immunopathol 5, 127 

Hellstrom, КЕ and Hellstrom, Г (1985) іп Monoclonal 
Antibodies for Tumour Detection and Drug Targeting (Bal- 
dwin, В W. and Byers, V.S, eds), p. 17, Academic Press, 
London 

Sacks, DL , Kelsoe, GH and Sachs, D H (1983) Springer 
Semin Immunopathol 6, 79 

Finberg, КЛУ and Ertl, НСТ (1986) Immunol Rev 90, 
129 

Oudin, J and Michel, М (1963) С.В Acad Sa 257, 805 
Kunkel, Н G., Manmk, M. and Williams, К.С (1963) Sci- 
ence 140, 1218 

Rajewsky, К. and Такетоп, T (1983) Annu. Rev. Im- 
munol 1, 569 

MeMillan, $ , Seiden, M V , Houghten, R A , Clevinger, B , 
Раме, JM and Lerner, R А. (1983) Cell 35, 859 

Seiden, M V , Clevinger, В, McMillan, $, Ѕгоцу, A., Lerner 
‚В. and Davie, J.M. (1984) J Exp Med 159, 1338 

Jerne, N K. (1974) Ann Immunol. 125C, 373 

Kluskens, L and Kóhler, Н (1974) Proc Май Acad За 
USA 71, 5083 

Cosenza, Н (1976) Eur. J Immunol. 6, 114 

Kelsoe, С, Reth, M and Rajewsky, К (1980) Immunol 
Rev 52, 75 

Sy, MS, Bach, В.А, Doha, У , Nisonoff, A., Benacerraf, В 
and Greene, МТ (1979) J. Exp Med 150, 1216 

Miller, GG, Nadler, P.L, Asano, Y., Hodes, R.J and 
Sachs, DH (1981) J Exp. Med 154, 24 

Thomas, WR, Morahan, G, Walker, ID. and Miller, 
J F.A P (1981) J Exp. Med 153, 743 

Ertl, HC.J and Finberg, RW (1984) Proc Natl. Acad 
Sci. USA 81, 2850 

Eichmann, К. and Rajewsky, К. (1975) Eur J Immunol 5, 
661 

Muller, C.E and Rajewsky, K (1984) J Exp. Med. 159, 
758 

Green, ОК, Flood, P M and Gershon, Е К (1983) Annu 
Rev Immunol. 1, 439 

Greene, M., Sy, M-S, Nisonoff, A and Benacerraf, B. 
(1980) Mol. Immunol 17, 857 

Sy, M.-S, Dietz, M., Germain, R, Benacerraf, В and 
Greene, М. (1980) J Exp Med 151, 1183 

Nelson, K and Nepom, О T (1986) in Paradoxes in Im- 
munology (Hoffman, G, Levy, J, Nepom, G T., eds), 
CRC Press, Boca Raton, іп the press 


33 


34 


35 


36 


37 


38 


39 


40 


41 


47 


61 


Bismuth, С, Somme, G., Roth, C, Gougeon, M.L and 
Theze, J (1984) Eur. J. Immunol 14, 503 

Augustin, А.А, Sim, GK and Bona, С.А. (1983) Surv 
Immunol. Res 2, 78 

Urbain, J, Slaom, М and Leo, О. (1982) Ann Immunol 
133D, 179 

бере. К. and Peterson, Р.А (1978) Proc. Natl. Acad Sa 
USA 75, 2443 

Fields, BN and Greene, M.I (1982) Nature 300, 19 
Noseworthy, J.H., Fields, В М, Dichter, М 5, Sobotka, С, 
Pizer, E , Perry, L L., Nepom, СТ and Greene, М I. (1983) 
J Immunol 131, 2533 

Kauffman, R.S., Noseworthy, J.H., Мерот, G T , Finberg, 
R., Fields, В.М. and Greene, МТ (1983) J Immunol. 131, 
2539 

Sharpe, А H., Gaulton, G М, McDade, К.К, Fields, В М. 
and Greene, M.I. (1984) J Exp. Med. 160, 1195 

Ertl, HC J., Greene, М.Г, Noseworthy, JH, Fields, ВМ, 
Nepom, GT, Spriggs, DR апа Finberg, RW (1982) 
Proc. Natl Acad Sci USA 79, 7479 

Nisonoff, A and Гатоу, E (1981) Clin Immunol Im- 
munopathol 21, 397 

Sacks, D L., Esser, К.М. and Sher, А. (1982) J Exp Med 
155, 1108 

Stein, КЕ and Sóderstróm, T (1984) J Exp Med 160, 
1001 

McNamara, М.К, Ward, RE and Kohler, H. (1984) Sci- 
ence 226, 1325 

Kennedy, RC and Dreesman, GR (1984) J. Exp. Med. 
159, 655 

Reagen, KJ, Wunner, W.H , Wiktor, ТЈ. and Koprowski, 
Н (1983) J Virol 48, 660 

Uytdehaag, F.G.C.M. and Osterhaus, А.О.М.Е. (1985) J. 
Immunol 134, 1225 

Grzych, J M., Capron, M, Lambert, P H., Dissous, C., 
Torres, S and Capron, A (1985) Nature 316, 74 

Sacks, D L. and Sher, A. (1983) J. Immunol. 131, 1511 
LeGuern, C., Ben Aissa, Е, ту, D, Mariame, B., Buttin, 
С and Cazenave, P.-A. (1979) Ann Immunol. 130C, 293 
Prim, D, Juy, D and Cazenave, Р.А. (1981) Еш J 
Immunol 11, 393 

Bona, C A., Heber-Katz, E. and Paul, WE (1981) J Exp 
Med. 153, 951 

Hiernaux, J, Bona, С. and Baker, PJ (1981) J Exp Med 
153, 1004 

Rubinstein, L.J, Goldberg, B, Hiernaux, J, Stein, К.Е, 
and Bona, C.A (1983) J. Exp Med 158, 1129 

Moser, M., Leo, O, Hiernaux, J. and Urbain, J. (1983) 
Proc Natl. Acad Sci USA 80, 4474 

Francotte, M and Urbain, J (1984) J Exp Med 160, 1485 
Greene, MI, Nelis, MJ, Sy, M-S and Nisonoff, A 
(1981) Adv Immunol 32, 253 

Flood, Р.М , Кпрке, М.Г. , Rowley, D A and Schreiber, Н 
(1980) Proc. Natl Acad. Sci USA 77, 2209 

Tilkin, AF, Schaaf-Lafontaine, М, Van Acker, А., Bac- 
cardoro, M. and Urbain, J. (1981) Proc. Natl. Acad Sci. 
USA 78, 1809 

Binz, H, Meier, В. and Wigzell, Н (1982) Int. J. Cancer 29, 
417 


62 Forstrom, J W., Nelson, K A, Nepom, С T., Hellström, I 
and Hellstróm, K E. (1983) Nature 303, 627 

63 Nepom, GT, Nelson, КА. Holbeck, S L., Hellstróm, I 
and Hellstróm, K.E (1984) Proc Natl Acad. Sci. USA 81, 
2864 

64 Kennedy, R.C., Dreesman, G.R., Butel, JS and Lanford, 
R E (1985) J. Exp. Med. 161, 1432 

65 Lee, У.К, See, W.A.. Hellström, І. and Hellström, КЕ 
(1985) in Immunity to Cancer (Reif, А and Mitchell, М, 
eds.), p 387, Academic Press, New York 

66 Taranger, Г.А, Chapman, WH, Hellstrém, I. and 
Hellstróm, КЕ (1972) Science 176, 1337 

67 Hellstróm, I and Hellstrom, K.E (1972) Natl. Cancer Inst 
Mongr 35, 125 

68 Cooper, EH , and Williams, R.E (eds.) (1975) The Biology 
and Climcal Management of Bladder Cancer, Blackwell, 
Oxford 

69 Hellstróm, L, Hellstróm, КЕ, Rollins, М, Lee, VK, 
Hudkins, K. and Nepom, G T. (1985) Cancer Res. 45, 2210 

70 Hellstróm, I, Rollins, М, беше, $, Chapman, Р., Chap- 
man, WH and Hellström, К.Е (1982) Int. J. Cancer 29, 
175 

71 Settle, S, Hellstróm, [ and Hellstróm, К.Е. (1985) Exp 
Cell Res. 157, 293 

72 Drebin, J.A., Stern, D F., Link, V.C., Weinberg, RA and 
Greene, М.І. (1984) Nature 312, 545 

73 Downward, J., Yarden, Y , Mayes, E., Scrace, G , Totty, М, 
Stockwell, P, Ullnch, A., Schlessinger, J and Waterfield, 
М. (1984) Nature 317, 521 

74 Lee, У.К, Нагой, T.G., Kuchroo, УК, Halliday, W J., 
Hellstróm, I., and Hellstróm, КЕ (1985) Proc. Natl. Acad. 
Sci USA 82, 6286 


75 


76 


77 
78 


79 


80 


81 


82 


83 


84 


85 


86 


87 


88 
89 


139 


Bluestone, J.A., Sharrow, S.O., Epstein, S.L., Ozato, К. and 
Sachs, D H. (1981) Nature 291, 233 

Bona, С., Hooghe, В., Cazenave, Р.А, LeGuern, C. and 
Paul, W.E. (1979) Ј Exp Med 149, 815 

Cazenave, P -A (1977) Proc Natl Acad. Sci. USA 74, 5122 
Urbain, J., Wikler, M, Franssen, J.D and Colhgnon, С. 
(1977) Proc. Natl. Acad. Sci. USA 74, 5126 

Kohler, H., Urbain, J and Cazenave, PA (eds) (1984) 
Idiotypy in Biology and Medicine, Academic Press, London 
Bluestone, J A, Auchincloss, H., Cazenave, Р -A , Ozato, 
K and Sachs, D H. (1982) J. Immunol. 129, 2066 

Legrain, Р, Sanchez, P. and Buttin, С (1985) Mol Im- 
munol 22, 445 

Hellstróm, I, Brankovan, V. and Hellstróm, К.Е (1985) 
Proc. Natl. Acad За USA 82, 1499 

Radbruch, A., Zass, $., Kappen, С, Bruggemann, М, 
Beyreuther, K. and Rajewsky, K (1985) Nature 315, 506 
Koprowski, Н, Herlyn, D., Lubeck, M., Defreitas, E and 
Sears, H.F. (1984) Proc. Natl. Acad Sci USA 81, 216 
Herlyn, M., Steplewski, Z., Herlyn, D. and Koprowski, H 
(1979) Proc. Natl. Acad. Sci USA 76, 1438 

Nepom, GT, Weiner, H.L., Dichter, МА, Tardieu, М, 
Spriggs, D.R, Gramm, C.F., Powers, M.L, Fields, BN 
and Greene, M.I. (1982) J Exp Med 155, 155 

Thomas, W R., Morahan, G and Miller, J.F.A.P. (1982) J 
Immunol. 130, 2079 

Strauss, H.J. and Schreiber, H. (1984) Cancer Bull. 36, 242 
Kennedy, В.С, Adler-Storthz, K., Burns, JW, Henkel, 
R D and Dreesman, G.R. (1984) J. Virol 50, 951 


Biochimica et Biophysica Acta 865 (1986) 141-170 141 
Elsevier 
BBA 87160 
Monoclonal antibody applications in bone marrow transplantation 
Christopher L. Reading and Yoichi Takaue 
The Unwersity of Texas System Cancer Center, M.D, Anderson Hospital and Tumor Institute, 
Texas Medical Center, 6723 Bertner Avenue, Houston, TX 77030 (И S A.) 
(Received 9 December 1985) 

Contents 
І Introduction ss poit i 141 
П Bone marrow transplantation 142 

A Allogeneic transplantation 142 

B. Autologous transplantation . .. ..... 142 
ШІ Preparation of bone marrow mononuclear cells 143 
IV. Ehmination of specific cell populations with monoclonal antibodies E : : . 144 

A Monoclonal antibodies . 144 

B Complement-mediated lysis .. 156 

C. Immunotoxins - 157 

D. Physical separations 157 
V Monitoring systems . 157 
УТ. Concluding remarks 164 
Acknowledgements 164 
References . . 164 


Abbreviations: BMT, bone marrow transplantation; МА, 
monoclonal antibodies; GVHD, graft-versus-host disease; 
MLR, mixed lymphocyte reactions, GM-CFC, granulocyte- 
macrophage colony-forming cell, BFU-E, burst-forming umt- 
erythroid, BMBC, bone marrow buffy coat. GEMM-CC, 
granulocyte,erythroid,macrophage,megakaryocyte-forming cell, 
HSC, hematopoietic stem cell. 

Correspondence address: The University of Texas System 
Cancer Center, M D. Anderson Hospital and Tumor Institute, 
Texas Medical Center, 6723 Bertner Avenue, Houston, TX 
77030, U.S.A. 





I. Introduction 


The purpose of this review is to discuss the 
current efforts and future potential in the use of 
monoclonal antibodies to eliminate specific cell 
populations from bone marrow aspirates used for 
transplantation. Although bone marrow trans- 
plantation (BMT) is used in a number of hemato- 
logic disorders, this discussion will be limited to 
applications in cancer. In the first 10 years of 
monoclonal antibodies, many clinical applications 
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have met with frustrations. This is partially due to 
our lack of experience with these new reagents, 
and partially due to the complexities of applying 
basic research findings in the clinical setting. We 
seem to be in a constant dilemma with the clinical 
applications, since there is an immediate need for 
therapeutic improvements, but the applications 
will improve with continued research. We believe 
that the best approach requires critical analysis of 
therapeutic applications, along with continuing re- 
search. BMT affords us an opportunity to measure 
the effects of in vitro manipulation that is impos- 
sible with in vivo applications of monoclonal anti- 
bodies (MA). Careful measurement of the relevant 
variables in the clinical applications will accelerate 
successful use of monoclonal antibodies in BMT. 


П. Bone marrow transplantation 


As cancer chemotherapy and radiation doses 
are increased to eliminate residual tumor cells in 
patients, a dose-limiting toxicity is realized, often 
before eradication of tumor cells is complete [1—5]. 
Phase I clinical trials have defined agents and 
combinations of agents which have hematologic 
toxicity as their dose limitation. BMT allows re- 
storation of hematopoietic function after the use 
of supralethal doses of radiation and combination 
chemotherapy [6—12]. There are complications re- 
lated to the bone marrow cells infused, and MA 
have been used 1n a number of ways to eliminate 
specific cell populations before infusion of the 
graft. Manipulation of the marrow may increase 
the risks of complications, which are ever present 
in BMT [13,14]. There are two types of BMT in 
clinical use, allogeneic and autologous. 


ПА. Allogeneic transplantation 


When an apparently histocompatible donor is 
available, a conventional (allogeneic) transplant 
can be performed [8,10]. Bone marrow cells ((1—4) 
‚ 1010 mononuclear cells) are aspirated from the 
illiac crest of the donor, and are processed for 
infusing into the recipient. Some of the infused 
cells are able to re-engraft in the bone marrow and 
reinitiate hematopoiesis, leading to the formation 
of stable chimeras. This can be demonstrated with 
sex-mismatched transplants and with genetic 


markers [15] The major complication of al- 
logeneic BMT stems from donor-recipient histo- 
incompatibility. Unmatched marrow grafts lead to 
severe and usually fatal graft-versus-host disease 
(GVHD), which results from recognition of recipi- 
ent tissues as foreign by the transplanted donor 
lymphocytes [16-20]. This complication does not 
exist in identical-twin transplants, which represent 
a very low frequency (1/300 transplants). The use 
of donors matched at the HLA A, B, C and DR 
loci, and negative for mixed lymphocyte reactions 
(MLR) with recipient cells, does not completely 
overcome this problem: GVHD still occurs in 
approximately 50% of the cases, and about half of 
these are fatal. There is a great deal of evidence 
that transplanted mature donor T lymphocytes are 
responsible for initiating GVHD, and therefore 
researchers have attempted to use in vitro meth- 
ods to eliminate these cells from the graft. These 
include rosetting with sheep erythrocytes followed 
by agglutination with soybean agglutinin [21—24], 
monoclonal anti-T cell MA alone [25-27] or with 
complement [28—44], toxins [45—49], or physical 
separation methods [50—53]. 


ИВ. Autologous transplantation 


In the absence of a histocompatible donor, 
bone marrow cells aspirated from the patient at a 
time when there is no detectable tumor cell con- 
tamination can be processed, stored frozen in 
liquid nitrogen, thawed and reinfused after high- 
dose cytoreduction. This process of autologous 
BMT completely overcomes the problem of 
histocompatibility, but 1s plagued by the possi- 
bility of low levels of cryptic tumor cell con- 
tamination in ‘remission’ bone marrows in 
leukemia patients, and of undetected metastatic 
cell contamination in bone marrow aspirates from 
solid tumor patients [9,12]. Several groups are 
investigating the potential of MA to eliminate 
these tumor cells from bone marrow [54—94]. This 
has been attempted by using complement [54-72], 
immunotoxins [46,73-87], magnetic microspheres 
[88,89], magnetic immunocolloids [51,90-93] and 
drug conjugates [94]. Considerations for the use of 
monoclonal antibodies with autologous transplan- 
tation for ALL patients have recently been re- 
viewed [267]. 


In either allogeneic or autologous ВМТ, the 
treatment must be carefully designed and executed 
so that the pluripotent hematopoietic stem cells 
(HSC) are not reduced to a level insufficient for 
engraftment. Although several in vitro clonogenic 
assays reflect early hematopoietic progenitor pro- 
liferation and differentiation [95-103] the final 
test of any procedure is engraftment in vivo. When 
sex-mismatched allogeneic transplants are per- 
formed, it is possible to evaluate the origin of the 
hematopoietic recovery. In the autologous setting, 
since recovery might stem from incomplete abla- 
tion of the in situ HSC, only arguments based on 
the kinetics of hematopoietic recovery can be 
made. 

Testing of МА and elimination procedures are 
frequently performed using clonogenic assays in 
agar or methylcellulose in the presence of a variety 
of growth and differentiation factors. These assays 
include analysis of the GM-CFC (granulocyte- 
macrophage colony-forming cell) [97], the BFU-E 
(burst-forming unit-erythroid) [95], and the 
GEMM-CFC (granulocyte, erythroid, macro- 
phage, megakaryocyte colony-forming cell), which 
give rise to ‘mixed-type’ colonies [98,100]. An 
assay which may more accurately reflect the pro- 
liferation potential of the HSC is the long-term 
bone marrow (Dexter) cultures [96,99], which 
measures renewal of cells giving rise to the above 
CFCs. This assay is limited, however, by the low 
frequency of progenitors produced. A newer assay 
which may prove to be valuable in this analysis is 
the undifferentiated blast colony assay [104,105]. 

Hematopoietic recovery is usually measured as 
the number of days required to reach a certain 
value of differentiated hematopoietic elements. 
These include platelets, white blood cells and 
polymorphonuclear leukocytes. Since delayed en- 
graftment often leads to lethal complications, the 
relevance of the in vitro assays to predict hema- 
topoietic recovery is of paramount importance. 
Recovery of immune function is often slow after 
BMT, even without manipulation of the graft 
[106—113]. There аге no accepted in vitro assays 
which predict immune recovery. Recovery of im- 
mune function is often measured as the period 
required to obtain a certain response in prolifera- 
tion assays induced by the mitogens phytohemag- 
glutinin (PHA) or concanavalin A (Con A), or in 
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mixed lymphocyte reactions (MLR). Delayed im- 
mune recovery is often associated with lethal com- 
plications, including viral, bacterial and fungal 
infections [13,14]. 


Ш. Preparation of bone marrow mononuclear cells 


Marrow aspirates contain a large number of 
erythrocytes and, prior to storage or infusion, a 
bone marrow buffy coat (BMBC) containing the 
nucleated cells is usually prepared. A large num- 
ber of cells must be infused, usually (1—4). 1019, 
and manipulation of this number of BMBC cells is 
problematic. Most of the MA treatments require 
multiple incubations and repeated washing of the 
cells by centrifugation. Residual platelets and the 
large number of granulocytes can readily induce 
clumping and lysis, which in turn results in further 
clumping and lysis. Addition of DNAase can al- 
leviate some of the problems, but is not always 
sufficient to avoid clumping, lysis and extensive 
loss of cell number and progenitors. 

Several separation procedures have been at- 
tempted in order to obtain a mononuclear fraction 
from BMBC cells [114—120]. Clinically acceptable 
results have been obtained with Ficoll/ Hypaque 
gradients and the Haemonetics and IBM blood 
cell separators. Isopycnic centrifugation on a 
Ficoll-Hypaque interface (4 = 1.070) allows re- 
moval of the majority of the granulocytes, 
erythrocytes and platelets, but may lead to losses 
of progenitors, and the interface cells often clump 
due to adsorbed platelets. The use of blood cell 
separators such as the Haemonetics perform most 
reproducibly with a standard volume and cell con- 
centration, and with small donors has led to vari- 
able cell recoveries and losses of progenitors. A 
further improvement appears to be isopycnic sedi- 
mentation on discontinuous Percoll gradients 
[117], and we have adapted this procedure for 
preparative use [120]. A preparative discontinuous 
Percoll gradient and the details of the gradient are 
depicted in Fig. 1 and typical cell and progenitor 
yields are presented in Table I. Using this proce- 
dure we have been able to reduce the number of 
BMBC cells to about (1-4)- 10? and thus the 
volume of reagents and incubations during treat- 
ments with monoclonal antibodies. Furthermore 
previous problems frequently encountered with 
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40% Percoll 
e 320m0sM, pH 7 2 
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<— Fr 0/40 


=— Fr 40/60 
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Fig. 1. Preparative two-step discontinuous Percoll gradient for preparation of mononuclear bone marrow cells prior to manipulation 


with monoclonal antibodies. For details, see the text. 


clumping and lysis are virtually eliminated. The 
yield of progenitors 1s high, and we have routinely 
obtained engraftment using this fraction for al- 
logeneic BMT [121]. 


IV. Elimination of specific cell populations with 
monoclonal antibodies 


IVA. Monoclonal antibodies 


A number of MA are available with selective 
reactivity with hematopoietic elements [122], 
lymphoid cell subsets [123] and tumor cells 
[124-129]. Some of the more promising mono- 
clonal antibodies for use in BMT have been the 


TABLE I 


subject of an excellent recent review [56] and these 
and others are listed in Table II [126-249]. Many 
of the antibodies reactive with lymphoid and 
myeloid cell subsets of with acute leukemia cells 
have been the subject of two intensive workshops 
[126-129]. These antibodies were examined for 
similar reactivities and placed in 'cluster designa- 
tions’ (CD) as indicated in Table П. A large 
number of antibodies also presented in Table II 
were not associated with these clusters. In cases 
for which the antigen is known, the molecular 
weight or a description is included. In several 
cases, additional MA are in the same CD, but 
additional information is not reported. These are 
listed next to the antigen descriptions. Reported 


DISTRIBUTION OF CELLS AND PROGENITORS IN 0/40/60 PERCOLL GRADIENTS 





Analysis Buffy Fr 0/40 Fr 40/60 - Pellet 
Cell recovery * (%, n = 9) 100 03 (01-0 4) 113 (67- 193) 74 (54-89) 
GM-CFC ° (п=9) 48 (12-133) 418 (122 -896) 
% гесоуегу 100 98.4 * 
BFU-E ? (n = 3) 63 (1- 10) 786 (7 -120) 
% recovery 100 141* 
СЕММ-СЕС ? (1 = 3) 033 (0- 1) 8 (0-14 
% recovery 100 274° 


а Mean (range) 
> Frequency/10° (range). 


* Yields exceeding 100% of the progenitors are commonplace, possibly due to the removal of inhibitory elements in the buffy coat 


cells. This 15 especially true with GEMM-CFC 
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reactivities with acute leukemia cells, hemato- 
poietic or leukemia cell lines, hematopoietic pro- 
genitors, and applications in allogeneic or autolo- 
gous bone marrow transplantation. are included іп 
the table along with the relevant references. Where 
discrepancies exist regarding the reactivities, a 
question mark is printed. 

MA by themselves do little to the cells to which 
they bind, and thus a number of methods for the 
elimination of monoclonal antibody-reactive cells 
from aspirated bone marrow have been investi- 
gated. 


IVB. Complement-mediated lysis 


A popular method of eliminating certain cells 
from marrow aspirates has involved the use of 
complement. Complement is a series of enzymes 
in the blood which are activated by interaction 
with immune complexes and certain nonimmune 
substances [250], initiating a proteolytic cascade, 
and result in cell lysis. Although an attractive 
concept at first sight, a number of complexities 
arise in the use of complement with murine mono- 
clonal antibodies and human bone marrow cells. 
In the first place, not all murine monoclonal anti- 
bodies fix complement. Only those which perform 
well in complement-mediated lysis are candidates 
for this procedure. Secondly, human complement 
does not work well with many mouse monoclonal 
antibodies. This dictates the use of a xenogeneic 
complement source. Purified complement compo- 
nents are not available, which necessitates the use 
of xenogeneic serum as the source. Complement 
activity of serum is notoriously unstable, and 
standardized analysis of its activity after storage is 
required, The xenogeneic serum contains antibod- 
ies of unknown specificity, many of which react 
with surface components of human cells [250]. 
While these ‘facilitating’ antibodies may increase 
the efficiency of lysis on monoclonal antibody-re- 
active cells, they increase the possibility of lysis of 
monoclonal antibody-unreactive or minimally re- 
active progenitor cells, and leave some degree of 
uncertainty as to the immunological specificity of 
the reaction. Since these antibodies cannot be 
assumed to be constant from each lot of serum 
used for complement, reproducibility may suffer. 
Thirdly, high cell number, erythrocytes, and un- 
substituted cell surface sialic acid residues inhibit 


complement activation [250], necessitating large 
volumes of cells at low concentration. A single 
incubation is rarely sufficient, and often three 
cycles of complement-mediated lysis are required. 
Fourthly, the lysed cells cause clumping and pro- 
genitor loss, and are difficult to remove from the 
remaining live cells. Consequently, the lysed cells 
are often infused with the live cells. Fifthly,.frag- 
ments of complement components released during 
the proteolytic cascade are profound immunoregu- 
lators [251] with unknown effects on hematopoietic 
elements and lymphoid recovery. Finally, it is 
extremely difficult to reproducibly obtain even 
two logs of monoclonal antibody-reactive cell re- 
moval [252], and while this may be adequate for 
allogeneic BMT, it is insufficient for autologous 
BMT. 

There are a large number of monoclonal anti- 
bodies available for use іп BMT (see Table П), 
and it is possible, for several specificities, to ob- 
tain antibodies which fix complement, even hu- 
man complement in some cses. The nonspecific 
toxicity of rabbit complement can be decreased by 
using neonatal rabbit serum, taken at a time when 
the maternal antibodies have decreased and prior 
to the maturation of the bunnies’ humoral re- 
sponse. These precautions, however, have not al- 
ways led to a reproducible procedure. 

As an example of the irreproducibility of this 
procedure, several groups have reached divergent 
opinions about the reactivity of certain mono- 
clonal antibodies with progenitors. Thus, dis- 
crepancies exist between reports of the lysis of 
GM-CFC by 86Н1 [166,167], М5Е2 [166,183], 
CBL-gran 7 [166,183] С7С5 [166,167], PM-81 
[169,186], VIM-8 [166,167,175], VIM-C6 [166,167], 
80H5 [167,180], 82H5 [166,167,180], 82Н6 
[167,180], Т5А7 [166,167,184], G9F9 [166,183], 
L1B2 [166,167,183—185] and Му9 [166,183]. 

Another major concern, possibly related to an- 
ticomplementarity, 1$ that there are reports that 
antibodies which fix complement can bind to cells, 
but the antibody-coated cells are not lysed in 
some cases [253,254]. These problems have been 
discussed previously by others [56]. 

Complement has been used in a number of 
studies in conjunction with monoclonal antibodies 
for the removal of T cells, leukemia cells and other 
tumors (summarized їп Table I). 


IVC. Immunotoxins 


Immunotoxins are often efficient at cell killing, 
but their biochemical preparation is somewhat 
complicated. One of the major drawbacks to the 
use of immunotoxins with acute leukemias can be 
the number of different immunotoxins which may 
be required to eliminate heterogeneous leukemia 
cells such as are present in AML. Immunotoxins 
can require lengthy periods to exert their effects 
on target cells, and their activities are dependent 
on the biochemical preparation as,well as incuba- 
tion conditions. Although GM-CFC and BFU-E 
were not affected by T101-ricin A chain IT used 
for treatment of T-NHL and T-ALL marrows, a 
decreased recovery was observed. after freezing. 
This may indicate that residual IT in treated au- 
tologous marrow might be toxic to progenitors 
after thawing the cryopreserved marrow [85]. Nev- 
ertheless, a great deal of effort has been expended 
in their use with BMT (summarized in Table II). 
The production and use of immunotoxins has 
recently been reviewed by Vallera and co-workers 
[45]. 


IVD. Physical separation 


Other approaches have been based on physical 
separations of bone marrow cell populations. The 
first attempts in this vein preceded the advent of 
monoclonal antibodies. Separation of bone mar- 
row cells on the basis of density was accomplished 
in discontinuous albumin gradients [255]. АЈ- 
though leukemia cells could be separated from 
hematopoietic progenitors the separation was only 
about 90%, and transplantation with this sep- 
arated marrow could not be expected to have any 
biological effect [255]. We first attempted to use 
monoclonals with colloidal gold to alter the den- 
sity of reactive cell populations [50]. We then 
realized that a paramagnetic colloidal material 
with antibody bound to its surface might allow a 
simplified method for cell separation. 

We accomplished initial feasibility trials in 1983 
[90] and Kemshead et al. [88] reported a magnetic 
microsphere separation the same year. Using the 
anti-CALLA monoclonal antibody J5, we treated 
four autologous marrows with colloidal cobalt with 
bound affinity-purified IgG fraction of goat 
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anti-mouse immunoglobulins. The patients trans- 
planted were in second or subsequent remissions, 
thus making it unlikely that removing leukemia 
cells from bone marrow could have a biological 
effect. No toxicity resulted from this procedure, 
however, and rapid hematopoietic recovery was 
observed in these transplants. We decided that the 
results were encouraging enough to warrant opti- 
mizing the procedures involved in the production 
of immunomagnetic fluids and in the procedures 
used for separation. We have now produced a 
stable, colloidal cobalt-based immunomagnetic 
fluid and an improved high magnetic gradient 
separation. column (Reading, Thomas and 
Chandran, manuscript in preparation). We have 
started to test this colloid with anti-T cell MAs to 
remove T cells from an allogeneic marrow (Read- 
ing and Dicke, unpublished data). 

The magnetic microspheres used by others [88] 
have been used for the separation of tumor cells 
from autologous marrows of neuroblastoma pa- 
tients and recently to remove T cells from mar- 
rows used for allogeneic transplants [256] Im- 
munoabsorption (panning) has also been used to 
remove lymphocytes from bone marrows (Table 
Ш), but dealing with (2—4) - 1079 cells may well be 
beyond the practical capabilities of this technique. 

Unlike the procedures involving complement or 
immunotoxins, the physical methods offer two 
additional advantages. They can be used to select 
in a positive sense for monoclonal antibody-reac- 
tive cells, and they can be used with other affinity 
systems such as lectins and receptor-ligand bind- 
ing. 

In certain model systems we have recently dem- 
onstrated selective removal of greater than 21 logs 
of leukemia cells with retention of 70% of MA-un- 
reactive cells [46,92]. Although this is a relatively 
new technique, we anticipate efficient removal of 
monoclonal antibody-reactive cells from both al- 
logeneic and autologous marrows in the near fu- 
ture using magnetic separation with colloidal im- 
munomagnetic fluids. 


V. Monitoring systems 
The most common analysis of preservation of 


hematopoietic restoration potential of treated bone 
marrow has been the use of in vitro clonogenic 
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assays of GM-CFC, BFU-E and СЕММ-СЕС. 
The Dexter culture system has only been used in 
rare instances. The final analysis depends on 
hematopoietic engraftment after transplantation. 
It is quite worrying that there is evidence that the 
in vitro progenitors can be lost after treatment of 
marrow cells with antibodies and drug treatment 
without effect on the Dexter cultures, undifferenti- 
ated blast colonies [104,105] or on engraftment 
[72]. We interpret this to mean that the pluripo- 
tent hematopoietic stem cell (HSC) is antigeni- 
cally, metabolically, functionally and probably 
morphologically distinct from the progenitors 
measured in the in vitro colony assays. The Dexter 
system is quite cumbersome and slow to yield the 
required data, and for these reasons a more rapid 
clonogenic determination of HSC would be a 
major step forward in this analysis. 

A number of monitoring systems have been 
used to detect the efficiency of elimination of the 
unwanted сей population [39,63,252,257,258]. 
These include dye exclusion or protein synthesis in 
pure target cell cultrues, 51Сг release, PHA and 
MLR and Er assays with T cells, in vivo survival 
analysis in rodents, microscopic indirect immuno- 
fluorescence, fluorescent analysis of DNA-stained 
cells in artificial mixtures, flow cytofluorimetry, 
and clonogenic analysis of remaining target cells. 
With the exception of DNA fluorescence, clono- 
genic analysis and leukemia survival data in ro- 
dents, these assays are probably incapable of 
routinely detecting much less than 195 contamina- 
tion. This is due to the background levels inher- 
ently present in these analyses, and when the level 
of reactivity is comparable to the background 
levels the practical limit of the analysis has been 
reached. These assays certainly cannot compare in 
sensitivity to the 4—7 log analyses possible with 
clonogenic assays [61,63,64,74,86,87]. 

Immunocytochemistry and the dual-marker im- 
munofluorescence technique can in some cases 
detect as little as 0.1-0.01% residual tumor cell 
contamination [259] and ultimately these analyses 
may be the most useful with remission bone mar- 
row samples where the clonogenic fraction of the 
contaminating tumor cells may be extremely low. 
Methods for analysis of residual T cells in marrow 
have recently been reviewed [39]. Clonogenic anal- 
ysis of tumor cell lines and the DNA fluorescent 
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Fig. 2. Limiting dilution analysis of clonogenic T cells after 
^ “ 1 
separation by E rosetting. For details, see the text. 


\ 


stain technique for multiple log elimination re- 
quires the assumption that all of the tumor cells 
share the antigen detected by the monoclonal. 
Due to the instability of the tumor phenotype this 
may be an unwarranted assumption. 

We believe that the most valid analysis of ef- 
ficiency of T cell elimination is the clonogenic 
analysis of T lymphocytes [39,260--263]. In this 
analysis, bone marrow cells before and after treat- 
ment are stimulated with PHA for 3 days, and 
cloned at limiting dilution in the presence of inter- 
leukin-2. Statistical analysis of the data allows 
determination of the frequency of remaining 
clonogenic T cells and analysis of the dependence 
of clone formation on the presence of helper or 
suppressor cell types [264]. 

An example of the application of clonogenic T 
cell analysis is shown in Fig. 2. Peripheral blood 
mononuclear cells were rosetted with AET-treated 
sheep erythrocytes (E) [265] separated on Ficoll- 
Hypaque and cultured at limiting dilution. The 
frequency of clonogenic T cells is 1/2.9 for the 
E(+) fraction, 1/148 for the E( —) fraction after а 
single rosetting, and 1/237 for the E( —) fraction 
after two cycles of rosetting. An example of this 
analysis applied to the elimination of СТ-2 posi- 
tive cells using colloidal immunomagnetic fluid is 
shown in Fig. 3. In this example clonogenic T cells 
were reduced to 1/170 bone marrow mononuclear 
cells. Statistical analysis of the data indicates that 
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Fig. 3. Limiting dilution analysis of clonogenic T cells before 
and after separation. with monoclonal CT-2 using an im- 
munomagnetic colloidal fluid. technique. For details, see the 
text. 
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there is no deviation from linearity, and thus there 
are no limiting suppressor or helper cells affecting 
the analysis. 

This analysis has also been applied to elutria- 
tion [263], and can detect 1 clonogenic T cell іп 
10000 bone marrow, cells. Again this analysis was 
linear, and addition of graded numbers of Т cells 


. to this depleted marrow yielded the expected re- 


sults (data not shown). Beyond 1 clonogenic T cell 
in 10000 remaining bone marrow cells, this analy- 
sis breaks down because there are too many cells 


- in the 96-well plates to score T cell clones. Adap- 


tation to larger wells in 48- or 24-well plates might 
overcome this difficulty, but would be substan- 
tially more labor-intensive. Others have also con- 


- cluded that the limiting dilution analysis is the 


most sensitive method of monitoring T lympho- 
cyte removal [39,260-262]. 

For any analysis of efficiency of cell removal to 
be practical it should be performed on a mixture 
with normal bone marrow cells. This allows con- 


. current analysis of toxicity to 'bystander' progeni- 
„tors. The T cell clonogenic analysis currently offers 
- a model to test both elimination and toxicity for 


PHYSICAL SEPARATION OF MONOCLONAL ANTIBODY-COÁTED CELLS IN BONE MARROW ASPIRATES 








Antibody Method Bone marrow Progemtor Reported' Monitoring Ref. 
frequency efficiency 
6MA polystyrene magnetic human BM no significant 999% IF, cloning, 89 
(UJBA, UJ223.8, ete.) microsphere neuroblastoma decrease 
Leu-1, ТМЈ panning for T cell human BM no significant 95% FMF, PHA,ConA 52 
removal decrease 
Leu-1, Leu-4 Sepharose 6MB gel human BM and РВ nosigmificant 983% IF, PHA, FMF 53 
“decrease 
15 cobalt magnetic 2 remission no significant по IF, hematopoietic 90 
colloid and relapse decrease positive recovery 
human BM from cells 
CALLA patients 
CF-1 cobalt magnetic human BM and NR 25logs С1іопоретис assay 92 
colloid leukemia cell 
Е line 
CT-2 magnetite | PB and BM no sigmficant 95-99% IF with second 234 
magnetic colloid decrease T cell antibody 
97.5% T cell colony assay 
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any monoclonal antibody-mediated separation 
system. 


VI. Concluding remarks 


As improved cytoreductive regimens are devel- 
oped, bone marrow transplantation represents an 
increasingly important method in cancer therapy. 
One hopes that, some day, less traumatic, more 
effective therapies will be available for all malig- 
nant disease, eliminating the need for such drastic 
measures as BMT. Until that time we will attempt 
to increase the survival of BMT patients by 
eliminating GVHD-reactive cells from allogeneic 
marrows (estimated at 25% mortality) and by 
eliminating residual malignant cells from autolo- 
gous marrow grafts (estimated at 30-40% of the 
relapse rate). The successful elimination of T cells 
from allogeneic marrows and the elimination of 
residual tumor cells from autologous grafts using 
monoclonal antibodies will be dependent on care- 
ful monitoring and incremental increases in ef- 
ficiency. We currently need improvements in the 
analyses of hematopoietic restoration potential, 
immune recovery, and in the detection of minimal 
residual disease before and after manipulation of 
autologous marrows. 
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I. Introduction 


Simian virus 40 (5У40) ranks among the most 
well characterized DNA viruses known today. It 
has been an invaluable tool both for dissecting the 
molecular details of eucaryotic cell processes and 
for the development of recombinant DNA tech- 
nology. First and foremost, however, ЗУ40 соп- 
tinues to serve as a model for the study of basic 
mechanisms underlying virus-mediated carcino- 
genesis. 
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$\40 was originally isolated from cultures of 
primary rhesus monkey kidney cells [1] and is 
classified as a member of the papovavirus family 
[2]. The SV40 genome is а double-stranded, cir- 
cular DNA molecule, 5243 base-pairs in length, 
the entire nucleotide sequence of which has been 
elucidated [3,4]. The genetic map of SV40 defines 
the virally encoded transcripts and proteins, local- 
ized to the regions of the genome responsible for 
their synthesis (Fig. 1) [3]. Bach half of the ge- 
nome encodes a different set of viral functions 


Alternate 


Fig 1 Genetic map of SV40. The thick circle represents the circular SV40 DNA genome, divided into decimal fractions of one map 
unit The unique EcoRI site is shown at map unit 0/1. The origin (оп) of viral DNA replication 1s marked at the lower left, 
nucleotide numbers begin and end at this location (0/5243) and proceed in the clockwise direction The boxed arrows indicate the 
open reading frames that encode the viral proteins Arrowheads point in the direction of transcription, and the beginning and end of 
each open reading frame is indicated by the corresponding nucleotide numbers. The open, stippled, and shaded areas depict different 
reading frames for different viral polypeptides or portions thereof The box with the stars indicates the alternate open reading frame 
that could be used for the unique carboxy termunus of the putative third tumor antigen, T*-ag The genome is divided into ‘early’ and 
‘late’ regions that are expressed before and after the onset of viral DNA replication, respectively. Only the early region is expressed in 
transformed cells 


that are expressed under temporal regulation in 
the infected cell. By definition, the ‘early’ func- 
tions are expressed before, and the ‘late’ functions 
after, the onset of viral DNA replication. Two 
unique early mRNA species, generated by dif- 
ferential splicing of the primary transcripts, en- 
code the two early proteins, large tumor antigen 
(T-ag) and small tumor antigen (t-ag). Both are 
nonstructural polypeptides, as neither is incorpo- 
rated into virus particles. Three late mRNAs, also 
produced by differential splicing, encode the vi- 
rion structural proteins — VP1, VP2 and VP3. A 
fourth late protein, LP-1, is encoded by an open 
reading frame in the 5’ leader region of the mRNA 
for УРЛ [5,6]. LP-1 is a nonstructural protein that 
appears to function in virion assembly [7] The 
region between the sequences encoding the 5' ends 
of the early and late transcripts includes the viral 
origin of DNA replication and the promoter and 
enhancer sequences involved in the regulation of 
viral transcription [8]. 

The biological result of an infection by SV40 
depends upon the host cell. African green monkey 
kidney cells are permissive for SV40 and support a 
lytic infection. All viral functions are expressed, 
progeny virions are synthesized, and the cells are 
lysed, releasing the progeny. Nonpermissive hosts 
are cell types in which SV40 fails to replicate and 
some cells, particularly if of rodent origin, may be 
transformed by the virus. Only early viral func- 
tions are expressed in transformed cells: viral DNA 
is not replicated, progeny virions are not pro- 
duced, and the cells are not lysed. Instead, the 
cells acquire an unlimited growth potential (i.e., 
immortalization), exhibit altered metabolic, mor- 
phologic, and growth properties (1.е., phenotypic 
transformation), and may be tumorigenic in vivo. 
However, it should be noted that kidney cells 
derived from the natural host for SV40, the Asian 
rhesus macaque, respond somewhat differently to 
virus infection. SV40 establishes a persistent infec- 
tion in rhesus cells, replicating well and producing 
normal levels of progeny while the cells suffer 
only minimal cytopathic effects [8a]. Tumors are 
not. induced in the rhesus monkeys. Therefore, 
both the dramatic lytic cycles and the transfor- 
ming infections induced by SV40 in certain cul- 
tured cells are invaluable model systems, but they 
do not reflect the natural virus—cell interactions 
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responsible for the evolution of SV40. 

T-ag plays an essential role in both lytic infec- 
tion and transformation by SV40. The absolute 
necessity for T-ag was established by studies of 
temperature-sensitive mutants that mapped to the 
early region of the viral genome (tsA mutants). At 
the restrictive temperature, tsA mutants were de- 
fective for functions required for the normal pro- 
gression of a lytic infection, including initiation of 
viral DNA synthesis [9] and regulation of both 
early and late viral gene expression [10-12]. The 
tsA mutants also were incapable of initiating 
transformation of nonpermissive cells at the re- 
Strictive temperature. Further, sustained expres- 
sion of T-ag was required for the maintenance of 
at least some characteristics of the transformed 
phenotype; several growth parameters reverted to 
normal when cells that had been transformed at 
the permissive temperature were cultured under 
restrictive conditions [13-18]. 

The second early gene product, small t-ag, is 
dispensable for lytic infection, although mutants 
lacking t-ag may produce a smaller burst size than 
wild-type (WT) virus [19]. Small t-ag also is not 
essential for the initiation and maintenance of 
cellular transformation. It does, however, facilitate 
the initiation of transformation in resting cells [20] 
and exerts an influence over the expression of 
some characteristics of the transformed phenotype 
[21,22]. The unique coding domain of small t-ag 
has been implicated in the ability of the protein to 
disrupt the actin cytoskeletal network in rat cells 
(Bikel, L, Mamon, H., Brown, E.L., Boltax, J., 
Agha, M. and Livingston, D.M., unpublished 
data). The late proteins are required only for the 
assembly of progeny virions during a lytic infec- 
tion. They are not involved in the early phases of 
virus replication or in cell transformation and are 
not synthesized in nonpermissive cells [14,15,17, 
23,24]. 

Thus, SV40 T-ag mediates most of the rep- 
licative functions required in a lytic infection and 
can single-handedly induce transformation of 
nonpermissive cells. The ability of this one protein 
to trigger such an array of biological effects is 
rather astounding and suggests that T-ag is an 
extraordinarily multifunctional protein. Indeed, 
T-ag exhibits a variety of different activities, as 
defined by both in vitro and in vivo assays (Table 
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I) [25]. Some of these activities are directly іп- 
volved in viral DNA replication, whereas others 
affect the host cell. A key feature of SV40 infec- 
tion is that the cell is stimulated to enter S phase, 
SO that the necessary enzymes are available for 
viral replication. This strategy probably underlies 
the oncogenic potential of the virus, an unfor- 
tunate side-effect of functions that have evolved to 


TABLEI 
PROPERTIES AND FUNCTIONS OF SV40 T-ANTIGEN 





A. Structural properties 

l. Sue: 
708 amino acids 
81632 Da 
М, 90000-100000 

2. Modifications: 
Phosphorylation 
N-terminal acetylation 
Glycosylation 
Poly-ADP-ribosylation 
Paimitylation 
Adenylation ' 

3 Supramolecular structure: 
Monomers 
Dimers 
Higher homo-ohgomers 
Hetero-oligomer with p53 


B. Subcellular distribution 

1. Nuclear: 
Nucleoplasmic 
Chromatin-bound 
Nuclear matrix associated 

2. Plasma membrane. 
NP40 soluble 
NP40 insoluble (plasma membrane lamina) 


C Functions 
1. Specific DNA binding (viral origin of replication) 
2. Initiation of viral DNA replication 
3. Autoregulation of viral early transcription 
4 Induction of viral late transcription 
5 Determination of host range 
6. ATPase activity 
7. Tight association with protein kinase 
8 Nonspecific DNA binding (cellular DNA) 
9. Complex formation with cellular protein p53 
10 Initiation of cellular DNA replication 
11 Induction of cellular enzyme synthesis 
12 Reactivation of ribosornal RNA genes 
- 13. Adenovirus helper function 
14. Imtiation and maintenance of cellular transformation 
15 Induction of immunity to SV40 tumor cells 
16 Target for cytotoxic T cells (TSTA) 





maximize virus replication in vivo. The current 
challenge in the SV40 system is to determine how 
T-ag accomplishes these various effects. The 
answers will have an impact on our understanding 
of basic processes in both normal and transformed 
cells. 


II. Possible molecular explanations for the multi- 
functional capacity of T-ag 


There are several theoretical molecular bases 
that might explain the multifunctional capacity of 
T-ag. 


IIA. Structural dwersity 


Тһе structural diversity of T-ag represents one 
possible mechanism of multifunctionality. The 
polypeptide is chemically modified in several ways, 
including phosphorylation at multiple sites [26-- 
28], N-terminal acetylation [29], poly-ADP-ribosy- 
lation [30], glycosylation (Refs. 31, 32; Schmitt, 
М.К. and Mann, К., personal communication), 
palmitylation [33], and adenylation [34]. T-ag also 
assumes different supramolecular structures in the 
native state, forming monomers, dimers, trimers, 
and tetramers, and hetero-oligomers composed of 
T-ag and a cellular protein, p53 [35-39]. Hence, 
structural variation can generate multiple forms of 
Т-ар, and each form might be capable of provid- 
ing a separate function. This possibility is sup- 
ported directly by the observation that different 
supramolecular forms of T-ag exhibit distinct 
DNA-binding and ATPase activities [38,39] and, 
indirectly, by the finding that palmitylation is 
restricted to the plasma-membrane-associated sub- 
population of T-ag [33]. ` 


ИВ. Multiple domains 


A second explanation presupposes the existence 
of multiple domains within the T-ag polypeptide, 
each responsible for the provision of one or more 
distinct functions. There is experimental evidence 
to support this view, as a few T-ag functions have 
been mapped to discrete regions of the poly- 
peptide (Fig. 2). For example, the region between 
amino acids 160 and 272 is involved in stimulation 
of cell DNA synthesis, nuclear transport is media- 
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Fig. 2. Functional domains of T-ag. The long box in the center of the figure depicts the 708 amino-acid T-ag. The amino terminus 15 
on the left, the carboxy terminus on the right. Vanous functions are encircled, and the region of T-ag required for each function is 
indicated. Solid lines indicate the minimal functional domains, whereas dotted lines indicate reported longer domains The numbers 
in the circles indicate the amino acid boundaries for the minimal functional domains, and the boundaries for the larger domains 
indicated by the dotted lines are presented with a question mark The authors emphasize that these numbers should be viewed as 
approximations and not as precise boundaries for the different functional domains. Data were compiled from the following 
references: (a) 42, 44, 52, 57, 64, 64a, 166, 211; (b) 50, 55, 59, (с) 42, 44, 212, (d) 53, 54, (е) 66-68, 158; (f) 47-49, 60-62, 164, 165; 


(g) 50, 58, 59; (h) 43, 213. 


ted by amino acids 126-132, and both host range 
for productive infection and the adenovirus helper 
function are determined by the carboxy-terminal 
35-38 residues. 

One approach to delimiting T-ag functional 
domains has involved the construction of deletion 
mutants of SV40 that encode different sized frag- 
ments of T-ag which can then be assayed for 
T-ag-specific activities [40-54]. A related ap- 
proach exploits the nondefective adenovirus-SV40 
hybrids, which encode carboxy-terminal fragments 
of T-ag and which have been used in the same way 
as SV40 deletion mutants [55—57]. Some investiga- 
tors have used cloned fragments of SV40 DNA in 
transfection or microinjection experiments [55, 
58—62]. The biological effects induced by individ- 
ual DNA fragments can be measured and assigned 
to the appropriate region(s) of T-ag. Alternatively, 
T-ag fragments have been prepared by proteinase 
treatment and then analyzed for their functional 
activities [63,64,64a]. By identifying the region of 


T-ag from which each fragment is derived, the 
activities of the fragments can be assigned to those 
regions of the polypeptide. Finally, numerous nat- 
urally occurring or genetically engineered point 
mutants, insertion mutants, and conditional-lethal 
mutants have been useful in assigning functions to 
subregions of T-ag [65—72,166]. 

It should be emphasized that the study of de- 
leted or truncated polypeptides may suffer a major 
limitation, as the overall conformation of the 
molecule may be altered. It is reasonable to as- 
sume that the conformational structure of T-ag 
influences its ability to carry out specific functions 
or to undergo normal chemical modifications, 
supramolecular assembly, or intracellular trans- 
port. The abolishment of any of the latter events 
could indirectly prevent the expression of a given 
function. Therefore, a change in a particular re- 
gion of T-ag might influence not only the func- 
tions encoded within that region, but those of 
distant regions of the polypeptide as well. Not- 
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withstanding this limitation, the use of mutated 
genomes has proven that T-ag is a multidomain 
polypeptide, and this must account for some of its 
multifunctional capacity. 

In this context, it is well to appreciate that T-ag 
is not a particularly efficient transforming protein; 
tumor induction by 8У40 is usually a slow pro- 
cess, and transformation in vitro produces rela- 
tively subtle phenotypic changes in the target cells. 
It is possible that the evolution of T-ag has in- 
volved the assembly of unrelated minimal func- 
tional domains from several normal cellular pro- 
genitors [73]. Their combination into a single poly- 
peptide, selected for the required replicative func- 
tions, may have markedly reduced the efficiency 
with which cellular transformation functions can 
be expressed. The involvement of DNA virus 
transforming proteins in virus replication is a 
major distinction from the direct-transforming ret- 
roviruses that carry transforming genes having no 
role in virus replication. 


ПС. Subcellular localization 


A third possible explanation for the multifunc- 
tional capacity of T-ag considers its localization to 
different subcellular compartments. Although the 
majority of the T-ag is localized within the nucleus 
of the cell, a small amount is found in association 
with the plasma membrane and is partially ex- 
posed on the cell surface. The nuclear (nT-ag) and 
plasma-membrane-associated (pmT-ag) forms of 
T-ag might provide separate functions, based either 
upon putative structural differences, the influence 
of local micro-environments, or their interactions 
with different subcellular targets. 

The remainder of this review will focus on the 
unusual subcellular distribution of SV40 T-ag, with 
particular emphasis on the structural and func- 
tional features of pmT-ag. 


III. The intracellular distribution of T-ag 
IIIA. Nuclear T-ag 

The majority (over 95%) of the intracellular 
T-ag is localized within the cell nucleus. This 


distribution was first shown by indirect im- 
munofluorescence (IF) of acetone-fixed cells using 


sera from SV40 tumor-bearing hamsters (TBS) as 
the immunological reagent [74,75]. The nuclei ex- 
hibited a distinct pattern of granular or particulate 
staining, with no detectable reactivity in the 
nucleoli. The presence of T-ag in the nuclei of 
SV40-infected cells also was demonstrated by ım- 
munocytochemistry at the ultrastructural level [76]. 
T-ag can be extracted and immunoprecipitated 
from isolated nuclei, prepared by biochemical 
fractionation of SV40-infected or -transformed 
cells [10,77,78]. Tegtmeyer and co-workers [10] 
verified the relationship between the extracted T-ag 
polypeptide having an apparent molecular mass of 
about 100 kDa and the nuclear tumor antigen 
reactivity detected by IF. After treatment of 
SV40-infected cells with a nonionic detergent at 
pH 8.0, the 100 kDa polypeptide was released into 
a post-nuclear supernatant fraction, and tumor 
antigen reactivity was absent in the residual 
nuclear structures. 

At a more detailed level, T-ag appears to inter- 
act with the different structural systems within the 
nucleus. Ап isolation procedure developed by 
Staufenbiel and Deppert [79,80] involves the step- 
wise biochemical extraction of cultured cells in 
situ, resulting in the sequential solubilization of 
nucleoplasmic (soluble nuclear proteins and 
nuclear membranes) chromatin (chromatin and 
associated proteins), and nuclear matrix (the resid- 
ual nuclear structures and cytoskeleton) fractions. 
T-ag has been found in all three subnuclear frac- 
tions prepared from SV40-transformed mouse cells 
[79,81]. Each fraction appeared to represent a 
distinct subpopulation of T-ag, as differences were 
observed in some of their biochemical properties, 
such as solubility, the amount of bound p53, and 
the stability of the association with various nuclear 
substructures [79]. Independent studies have 
established that T-ag is localized within all three 
subnuclear fractions of SV40-infected or -trans- 
formed monkey cells [82]. Control experiments 
have shown that the association of T-ag with each 
of the different subnuclear fractions is specific 
and not an artifact of the fractionation procedure. 

The existence of specific subpopulations of T-ag 
within the nucleus supports the concept that the 
multifunctional capacity of Т-ар may depend, in 
part, upon its differential subcellular localization. 
The movement of T-ag to different sites within the 


сей would enable it to interact with multiple, 
independent, subcellular targets. 


ШВ Plasma-membrane-associated T-ag 


Although the majority of the T-ag is found 
within the nucleus, a small fraction (less than 5%) 
is localized at the cell surface in association with 
the plasma membrane. 

The transplantation rejection test provided the 
first demonstration of a tumor antigen in SV40- 
transformed cells [83—86].. The very nature of that 
assay implied a cell surface location for the tumor 
antigen; it had to be exposed for tumor rejection 
to occur. Although the relationship between the 
tumor-specific transplantation antigen (Т5ТА) de- 
tected by in vivo tests and the T-ag detected by in 
vitro methods was unclear, evidence would even- 
tually accumulate which proved that the same 
viral polypeptide participates in both reactivities. 
In the process, that same evidence would indicate 
that T-ag 1s localized 1n two different subcellular 
compartments, in the nucleus and at the plasma 
membrane. 

Nuclei isolated from SV40-transformed cells 
and known to contain T-ag reactivity were able to 
induce a TSTA response in vivo [87], suggesting 
that nT-ag could participate in TSTA. The direct 
involvement of T-ag in tumor rejection was docu- 
mented by the demonstration that purified T-ag 
could immunize mice against tumor cell challenge 
[88,89]. A purified T-ag-related protein (D2 pro- 
tein) was used to generate cytotoxic T lympho- 
cytes (CTL) in vivo, and they, in turn, were able to 
specifically lyse SV40-transformed cells in vitro 
[90]. In addition, a monoclonal antibody against 
T-ag was shown to block the lysis of SV40-trans- 
formed cells by CTL in vitro [91]. Importantly, the 
cellular immunology approach rectified what ap- 
peared to be a disparity among earlier serological 
studies. It had been shown that TBS and an 
antiserum prepared against isolated nT-ag-con- 
taining nuclei reacted with both the nucleus and 
the surface of SV40-transformed cells (supporting 
a relationship between T-ag and TSTA) [92], while 
sera from SV40-immunized hamsters that had re- 
jected a tumor cell transplant reacted only with 
the cell surface (suggesting that T-ag and TSTA 
might be different) [92—94]. Subsequently, this 


177 


disparity was further clarified by the finding that 
the surface-reactive sera from tumor-rejecting 
animals were able to immunoprecipitate nT-ag 
[95]. Therefore, T-ag is clearly a component of 
TSTA. A requirement for the other SV40 early 
gene product, t-ag, in the expression of TSTA has 
been ruled out because 5У40 deletion mutants 
unable to express t-ag induced TSTA as efficiently 
as WT virus [96]. 

Cellular fractionation studies showed directly 
that some Т-ар 15 associated with the plasma 
membrane. Nuclear and membrane fractions were 
prepared from SV40-infected or -transformed cells, 
and T-ag could be extracted and immunoprecipi- 
tated from both subcellular fractions [78,97]. 
However, only a minor fraction (less than 5%) of 
the total T-ag was present in the membrane frac- 
tion. А more rigorous fractionation procedure de- 
veloped by Schmidt-Ulirich and co-workers [98] 
was used for the isolation of highly purified plasma 
membrane fractions from normal and SV40-trans- 
formed hamster lymphocytes. The plasma mem- 
branes from the transformed cells contained pro- 
teins that were not found in the normal cells, and 
the molecular mass of one of those new proteins 
was consistent with that of T-ag [99—101]. This 
protein was subsequently identified as T-ag by its 
reactivity with TBS and by tryptic peptide map- 
ping [31,102]. This same fractionation procedure 
was used by Soule et al. [92] to confirm the 
presence of T-ag in the plasma membrane of 
transformed mouse cells. 

Specific antisera directed against partially 
purified T-ag were used in surface assays, includ- 
ing IF, radioimmunoassay and protein A binding 
methods. All these approaches showed that T-ag- 
specific antisera will react with the surface of 
SV40-transformed cells [92,103-107]. Enzyme- 
catalyzed radioiodination procedures, designed to 
label only the proteins exposed on the cell surface, 
also have demonstrated a surface form of T-ag 
[108,109]. Cells were surface labeled and ex- 
tracted; after immunoprecipitation of the extracts 
with TBS, iodinated T-ag could be visualized by 
gel electrophoresis. A related method, differential 
immunoprecipitation, has been used to separate 
the cell surface T-ag population from nuclear T-ag 
[110]. This method involves an extracellular reac- 
tion between T-ag specific antisera and cell surface 


178 


proteins, followed Бу solubilization of the intact 
cells and recovery and analysis of the immune 
complexes. Numerous controls established that 
only surface T-ag was iodinated and immunopre- 
cipitated in these studies. 

The idea that a subpopulation of T-ag is 
specifically localized in the plasma membrane was 
greeted with a certain amount of scepticism for 
several years. One reason for this reluctance was 
that some studies had shown that a minor sub- 
population of whole-cell T-ag, when added exoge- 
nously, could bind to the cell surface in vitro 
[111,112]. As-only small amounts of pmT-ag were 
recovered relative to пТ-ав and the two were 
indistinguishable by molecular mass and most im- 
munological and biochemical criteria, pmT-ag 
might simply have reflected the nonspecific ad- 
sorption of small amounts of nT-ag released from 
dead or dying cells. However, various control ex- 
periments showed that the amounts of pmT-ag 
routinely detected could not be accounted for by 
cell lysis in transformed cell cultures [109,110,113]. 
Furthermore, as the specific characteristics of 
pmT-ag were investigated, certain features were 
revealed that argued strongly in favor of the ex- 
istence of pmT-ag as a distinct biochemical entity 
(see following section for details). Therefore, an 
accumulation of evidence, derived from multiple 
experimental approaches, gradually brought about 
the general acceptance that a specific subpopu- 
lation of T-ag exists in association with the plasma 
membrane of cells. Attention has now shifted to 
more specific questions concerning the nature of 
the interaction between pmT-ag and the plasma 
membrane, the functions of nT-ag and pmT-ag in 
cell transformation, and the cellular mechanisms 
that are responsible for the sorting and transport 
of T-ag to two different subcellular compartments. 


IV. Features of the association of T-ag with the 
plasma membrane 


IVA. Antigenic reactivity of membrane T-ag 


The interaction between T-ag and the plasma 
membrane positions pmT-ag in a specific and 
rather unusual way. Antibodies prepared against a 
synthetic peptide corresponding to the carboxy- 
terminal 11 amino. acids of T-ag [114] will react 


with the surface of SV40-transformed cells [115]. 


- Monoclonal antibodies specific for antigenic de- 


terminants on the amino- or carboxy-terminal 
portions of T-ag also will react with the surface of 
SV40-transformed cells, but some monoclonals 
that recognize more internal sequences will not 
[95,116,116a,117]. In addition, cells expressing 
T-ag fragments derived from the amino- or 
carboxy-terminal one-third of the molecule can 
stimulate CTL in vivo and can be recognized and 
lysed by CTL in vitro [118-120]. A number of 
individual SV40-specific CTL clones have been 
isolated and characterized; some recognize amino- 
terminal sequences, others recognize carboxy- 
terminal sequences, but none requires the expres- 
sion of sequences derived from the internal one- 
third of the T-ag polypeptide [121,122]. These 
results indicate that both the amino and carboxy 
termini of T-ag are exposed on the cell surface, 
while an internal region, encompassing about one 
third of the molecule, is inaccessible. The reason 
these internal sequences are unavailable for anti- 
body binding or CTL recognition is not known. 
They may be buried within the lipid bilayer or 
may be localized on the cytoplasmic side of the 
membrane. They might be exposed on the surface, 
but masked either by chemical modifications or by 
the conformational or supramolecular structure of 
the native protein. In any case, the reproducibly 
specific orientation assumed by pmT-ag argues 
that it does not simply stick to the membrane in a 
random fashion and, consequently, probably has a 
functional role at the cell surface. 

An intriguing feature of pmT-ag is that it is 
oriented slightly differently in the plasma mem- 
brane of SV40-transformed or -infected cells [95]. 
Differential immunoprecipitation of transformed 
cells revealed that carboxy-terminal epitopes of 
T-ag were more accessible to antibody binding 
than amino-terminal epitopes. With infected cells, 
in contrast, epitopes at both ends of the poly- 
peptide were equally accessible, and certain mono- 
clonals that reacted well with T-ag of transformed 
cells reacted only poorly with the surface T-ag of 
infected cells. The pmT-ag in transformed cells is 
tightly associated with p53 [78,95,97,108,110] and 
is analogous in that sense to nT-ag [123]. The 
pmT-ag in infected cells, however, is not detecta- 
bly complexed with p53 [95]. It is tempting to 


speculate that the association with p53 may change 
the conformation of T-ag in the plasma membrane 

- of transformed cells, mediating the subtle changes 
in antigenic reactivity detected with the mono- 
clonal antibodies. Such a conformational change 
also might influence the-functional capabilities of 
the T-ag on the surface of transformed cells. 


IVB. Solubility subclasses of membrane T-ag 


Klockmann and Deppert [33] have presented 
evidence for the existence of two distinct sub- 
classes of pmT-ag which interact with the plasma 
membrane in different ways. One subclass, repre- 
senting about one-third of the total pmT-ag popu- 
lation, could be extracted from the membrane by 
treatment with the nonionic detergent, Nonidet 
P40 (NP40). A second subclass was more tightly 
associated with the membrane апа could be ex- 
tracted only by treatment with a zwitterionic de- 
tergent, Empigen BB. Based upon the extraction 
conditions, it was concluded that, the latter sub- 
class of pmT-ag is associated with the plasma 
membrane lamina (PML), a structure that directly 
underlies the lipid bilayer of the plasma mem- 
brane and connects it to the cytoskeleton [124]. 
The latter subclass of pmT-ag was shown to be 
chemically modified by fatty acid acylation, with 
covalently’ bound palmitic acid as the acyl group. 
Palmitylation is the only known structural dif- 
ference between pmT-ag and nT-ag, as none of 
the nT-ag populations is modified in this way [33]. 

The individual roles of the amino-acid sequence 
and the acyl group in the interaction of T-ag with 
‘the plasma membrane have been considered [125]. 
A 28 kDa carboxy-terminal fragment of T-ag was 
found to associate with the plasma membrane, but 
was not acylated and did not interact with the 
PML. A larger, 42 kDa, carboxy-terminal frag- 
ment was acylated and did associate with the 
PML. It was concluded that the 28 kDa 
carboxy-terminal amino-acid sequence of T-ag is 
capable of providing an NP40-soluble interaction 
with the plasma membrane but not the tighter 
interaction with the PML. The acyl group is prob- 
ably required for the interaction between T-ag and 
the PML, and the acylation site(s) is apparently 
located within the 160 amino acids between the 
amino-terminal ends of the 42- and 28 kDa 
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carboxy-terminal fragments of T-ag. It must be 
appreciated, however, that these results were ob- 
tained with truncated, T-ag-related proteins en- 
coded by the nondefective adenovirus 2-SV40 hy- 
brid viruses, МОТ and ND2 (Ad2*ND1 and 
Ad2*ND2) [126]. Although the ND system has 
been useful for many studies, the accuracy of 
these proteins as models for the membrane associ- 
ation of WT T-ag is not certain. For example, the 
ND proteins are found at the cell surface 1n much 
larger quantities than SV40 T-ag [127], and the 28 
kDa protein expressed by Ad2* NDI, unlike T-ag, 
associates with membranes of the rough endo- 
plasmic reticulum (RER) [125] (see below). The 28 
kDa protein is apparently synthesized as a 30 kDa 
precursor which is then proteolytically processed 
to generate the 28 kDa end-product [128]. It is 
possible that the ND1 protein is initially synthe- 
sized as a chimeric adenovirus-SV40 protein with 
an adenoviral signal sequence that might mediate 
the entry of the protein into the secretory pathway 
[119]. Since this pathway is not utilized for the 
transport of WT SV40 T-ag (see below), the final 
interaction of the 28 kDa ND1 protein with the 
plasma membrane might not precisely mimic that 
of the intact T-ag polypeptide or even of the 
T-ag-specific sequences contained within the 28 
kDa ND1 protein. 

Тһе cell surface disposition of each of the two 
subclasses of pmT-ag has been analyzed [129]. 
When SV40-transformed MKSA cells were grown 
on a plastic substratum, both forms were exposed 
on the cell surface, as both could be radio- 
iodinated. However, when mKSA cells were grown 


- jn suspension or as ascites tumor cells, only the 


PML-associated subclass was exposed on the cell 
surface; the NP40-soluble subclass was not availa- 
ble for iodination. It was suggested from these 
observations that the PML-associated subclass of 
pmT-ag is normally exposed on the cell surface: 
and is probably a trans-membrane protein, 
whereas the exposure of the NP40-soluble form is 
variable and depends upon the shape of the cells, 
which is dictated, in turn, by culture conditions. 
However, we have found that at least some of the 


- NP40-soluble subclass of pmT-ag can be radio- 


iodinated under all culture conditions (Butel, J.S., 
unpublished data). Clarification of these dis- 
crepant observations awaits further studies. 
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ТИС. Stability of membrane T-ag 


The stability of the membrane association of 
T-ag remains to be resolved. After radioiodina- 
tion, the labeled pmT-ag 1s unstable and disap- 
pears from the cell surface during а 2 h chase 
period at 37°C [109,113,129,130]; the half-life of 
iodinated surface T-ag appears to be less than 1 h 
[130]. A portion of the iodinated pmT-ag is shed 
into the culture medium and can be recovered by 
immunoprecipitation, but quantitative recovery 
has never been achieved [109,113]. The pmT-ag 
lost from the cell surface is rapidly replenished 
with newly synthesized T-ag molecules that can be 
iodinated on the ‘chased’ cells [109,113,130]. These 
observations suggest that the association of pmT- 
ag with the plasma membrane is highly dynamic. 
A valid concern, however, is that the radioiodina- 
tion procedure may influence the stability of pro- 
teins on the cell surface. Accordingly, the stability 
of pmT-ag has been analyzed by metabolic label- 
ing with [??S]methionine [129,130]. Using differen- 
tial immunoprecipitation and mKSA cells grown 
on a plastic substratum, Santos and Butel [130] 
found that the NP40-soluble subclass of pmT-ag 
was rather unstable, with a half-life of 1-2 h. By 
subcellular fractionation of mKSA cells grown in 
suspension, however, Klockmann and Deppert 
[129] noted that both subclasses of pmT-ag were 
stable, with no detectable change in either popula- 
tion during a chase period of 4 h. These results 
may indicate that the precise interaction of pmT-ag 
with the plasma membrane depends upon culture 
conditions that influence the shape of the trans- 
formed cells. 


IVD. Models of membrane insertion 


All available data document that at least a 
subpopulation of pmT-ag is partially exposed on 
the cell surface and, therefore, must span the 
plasma membrane. The precise mechanism by 
which T-ag is inserted into the membrane and 
achieves its specific disposition is currently a com- 
plete mystery. Models for the insertion of proteins 
into cellular membranes require either a ‘signal’ or 
an ‘insertion’ sequence [131-133]. The classical 
signal sequence consists of 16-26 amino acids, 
with a hydrophilic, basic amino terminus and a 


central hydrophobic domain. It is usually located 
at the amino terminus of the protein and is pro- 
teolytically removed during biosynthesis. There 
also are examples of amino-terminal and internal 
signal sequences that are not removed. The signal 
sequence mediates the insertion of the protein into 
the membrane of the RER [134], thereby allowing 
the protein to enter the secretory pathway with 
localization at the plasma membrane as one possi- 
ble result. An alternative mechanism requires an 
insertion sequence that consists of a stretch of 20 
or more hydrophobic amino acids [135] able to 
accomplish the spontaneous insertion of the pro- 
tein into a membrane. 

A variety of observations strongly suggest that 
T-ag does not contain a cleavable amino-terminal 
signal sequence. The molecular mass of T-ag 
translated in vitro is not different from that of 
T-ag synthesized in transformed or infected cells 
[136], and the molecular mass of T-ag is stable in 
pulse-chase experiments, with no obvious changes 
during chase times ranging from 5 min to 17 h 
(Ref. 137; Jarvis, D.L. and Butel, J.S., unpub- 
lished data). Although these findings suggest that 
T-ag does not contain a cleavable signal sequence, 
the interpretation is complicated by the very 
anomolous behavior of the protein in acrylamide 
gels. The calculated molecular mass of T-ag is 


81632 Da [3] but it migrates with an apparent 


mass of 88-100 kDa, depending upon the gel 
system used for the analysis. Consequently, it is 
technically difficult to judge the presence or ab- 
sence of co- or post-translational modifications of 
T-ag by electrophoretic analysis. It has been shown 
that the amino-terminal tryptic peptide of T-ag 
synthesized in vitro contains a methionine residue 
donated from initiator tRNA that is identical to 
the amino-terminal peptide of T-ag isolated from 
infected cells [29]. In addition, inspection of the 
primary amino acid sequence of Т-ав reveals 
neither а conspicuous amino-terminal or internal 
signal sequence nor an ideal insertion sequence 
(Walter, G., personal communication). An internal 
stretch of 15 hydrophobic amino acids at positions 
568—582 has recently been recognized (Ref. 125; 
Walter, G., personal communication), a sequence 
long enough for a membrane-anchoring domain 
[138], but there is no experimental evidence to 
suggest that this region can function as an inser- 


tion sequence..Analysis of the membrane associa- 
tion characteristics of T-ag mutants lacking this 
sequence will be most illuminating. 


IVE. Possible existence of T*-ag as membrane 
T-ag 


One interesting proposal for the ability of T-ag 
to insert into the plasma membrane which also 
could account for its differential subcellular locali- 
zation is that two closely related, but different, 
T-ag polypeptides represent the nT-ag and pmT-ag 
populations. ш 1980 Mark and Berg [139] de- 
tected a third species of early mRNA similar to 
that encoding T-ag, but which had undergone an 
additional splicing event in the 3' region around 
0.20 map units (see Fig. 1). That splice would shift 
the reading frame of the mRNA so that it could 
encode a third early protein. The putative product, 
designated T *-ag, would be derived from the same 
coding sequences as Т-ар, except for the 
carboxy-terminal 70 amino acids, which would be 
derived from an alternate open reading frame. The 
carboxy terminus of Т%-ар would be distinctly 
more hydrophobic than that of T-ag and could 
provide an internal insertion sequence. T*-ag 
would thereby have the ability to insert into the 
RER or plasma membrane post-translationally, as 
has been proposed for other membrane proteins, 
such as cytochrome b,, that have a hydrophobic 
carboxy-terminal sequence but no other visible 
means of membrane insertion [133]. The possi- 
bility that the ‘authentic’ T-ag polypeptide repre- 
sented the abundant nT-ag population, while Т*- 
ag provided the minor pmT-ag population, was 
attractive. The hypothesis suffered, however, be- 
cause the existence of the third early mRNA had 
not been confirmed, and the, putative third tumor 
antigen had not been detected іп SV40-infected ог 
-transformed cells. Schmidt-Ullrich and co- 
workers [31] observed some differences between 
the tryptic peptide maps of radioiodinated nT-ag 
and pmT-ag and suggested that those variations 
might reflect the presence of T*-ag in the plasma 
membrane fraction. However, recent data now 
rule out the possibility that T*-ag accounts for the 
surface-associated form of T-ag. 

Denhardt and Crawford [140] defined the read- 
ing frame used for T-ag by identification and 
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characterization of its carboxy-terminal tryptic 
peptide. Their results suggested that the carboxy 
terminus of T-ag from whole-cell extracts of 
SV40-infected or -transformed cells was derived 
from the sequence encoding authentic T-ag and 
that the alternate open reading frame in the 3' 
region had not been utilized. This conclusion 1s 
supported by the more recent findings of Klock- 
mann and Deppert [129] Antisera prepared 
against a synthetic peptide corresponding to the 
carboxy terminus of authentic T-ag reacted with 
both nT-ag and pmT-ag, but antisera against a 
synthetic peptide corresponding to the carboxy 
terminus of T *-ag reacted with neither [129]. Other 
studies have taken advantage of a positive control 
for T*-ag. SV40 deletion mutants have been con- 
structed such that only the alternate 3’ reading 
frame can be utilized; these mutants encode poly- 
peptides very similar to T*-ag [45,51]. Direct com- 
parisons have shown that T*-ag migrates faster 
than authentic T-ag in polyacrylamide gels 
[45,51,141], whereas pmT-ag and nT-ag from sub- 
cellular fractions of SV40-infected or -transformed 
cells migrate identically [78,97,141]. The structures 
of nT-ag, pmT-ag and T*-ag encoded by one of 
the deletion. mutants have been compared by 
peptide mapping [141]. No differences were de- 
tected in the overall structures of nT-ag and pmT- 
ag, and their carboxy-terminal, methionine-con- 
taining tryptic peptides were shown to be identi- 
cal. Importantly, unique peptides were detected in 
the maps of T*-ag, and its carboxy-terminal, 
methionine-containing tryptic peptide was dis- 
tinctly different from that of authentic T-ag. Ex- 
amination of the pmT-ag maps revealed no evi- 
dence of T*-ag-specific peptides; only authentic 
T-ag-specific peptides were detected. This was not 
the result of a transport defect, as T*-ag can be 
expressed at the cell surface and detected by ra- 
dioiodination or differential immunoprecipitation 
(Jarvis, D.L. and Butel, J.S., unpublished data) 
and can induce а TSTA response іп vivo and serve 
as a target for CTL-mediated killing 1n vitro [142]. 
Finally, T*-ag appears to be functionally inert, as 
it is defective for specific DNA binding and 
ATPase activities [42] and is incapable of im- 
mortalizing mouse cells in vitro (Tevethia, M.J., 
personal communication), suggesting that it is not 
essential for SV40 replication or transformation. 
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Thus, all available evidence suggests that T*-ag 
does not account for pmT-ag. The existence of the 
alternate open reading frame in the viral genome 
remains an enigma. 

Another hypothesis of note is that the insertion 
of pmT-ag into the plasma membrane is mediated 
by its fatty acid modification. This is unlikely, 
however, as only a subpopulation of pmT-ag has 
that modification [33]. The NP40-extractable form 
of pmT-ag, which is not acylated, must traverse 
the membrane, as evidenced by the fact that it can 
be radioiodinated on the surface of cells under 
certain growth conditions [109,129]. It is more 
likely that acylation is involved in anchoring pmT- 
ag in the PML, and that the modification occurs 
after the protein associates with the plasma mem- 
brane [129]. 


V. Cytoplasmic T-ag — a mutant SV40 T-ag defec- 
tive for nuclear transport 


The individual roles of the nuclear and plasma 
membrane-associated subpopulations of T-ag in 
virus replication and/or cellular transformation 
have been difficult to separate. A promising ex- 
perimental tool has been provided by SV40 
variants that encode nuclear-transport-defective 
forms of T-ag. These mutant T-ags do undergo 
normal transport to the plasma membrane. (Un- 
fortunately, reciprocal mutants that are nuclear 
T-ag positive but defective for surface T-ag ex- 
pression are not available.) 

Тһе first variant found to encode a nuclear 
transport-defective T-ag was isolated from stocks 
of an SV40-adenovirus (Ad) hybrid virus, PARA- 
adenovirus 7 [143,144]. The parental hybrid virus, 
PARA(nT), was isolated from a strain of human 
Ad7 adapted for growth in monkey kidney cells, 
and the presence of SV40 genetic information was 
recognized by its ability to induce the synthesis of 
intranuclear T-ag [145-147]. The variant, 
PARA(2cT), was one of the three plaque isolates 
derived from the parental stock and characterized 
by the induction of cytoplasmic, but not nuclear, 
T-ag (cT-ag) reactivity 1n infected [143] or trans- 
formed [148] cells. Subsequently, it was shown 
that the PARA genome consists of Ad7 DNA 
with a 16% deletion that is replaced by the entire 
early region and a small portion of the late region 


TABLE II 


PROPERTIES OF SV40 WILD-TYPE (WT) AND 
NUCLEAR-TRANSPORT-DEFECTIVE (cT) LARGE T- 
ANTIGENS 








Property WT T-ag cT-ag * 
Structure: 
1 Apparent molecular mass 90-100 kDa 90-100 kDa 
2 Isoelectric point 44 45 
3. Met-containing tryptic 
peptide maps WT WT 
4. Palmitylation * + 
5 Glycosylation + + 
6. Phosphopeptide maps WT cT 
7 Amino acid 128 Lys Asn 
8. Ohgomerization * + (faster) 
Biology. 
1. Subcellular distribution 
Nucleus + —or+ > 
Cytoplasm = + 
Plasma membrane + + 
2 Specific DNA binding * + 
3. Nonspecific DNA binding + + 
4. Initiation of viral DNA 
replication in vivo + - 
5 Autoregulation + - 
6 Induction of cell DNA 
synthesis * + 
7 Adenovirus helper function + * 
8 p53 binding + + 
9. Tumongenicity + + 
10. Transformation in vitro 
Primary cells + +8 
Established cells + + 





а Properties shown for PARA(cT) and SV40(cT)-3 encoded 
cT-ag Other transport-defective mutants may vary, depend- 
ing on their particular alterations 

> Small amounts of mutant T-ag are detected in the nuclei of 
some primary cells transformed by the SV40(cT)-3 mutant 
virus (see text for details) 


of SV40 [149-151]. As a result of the insert, 
PARA expresses the functions attributed to the 
early region of SV40 [25,152]. 

The cT-ag is similar to WT T-ag in many 
respects (Table ID, having the same apparent 
molecular mass and methionine-containing tryptic 
peptide map [153,154]. It expresses the adenovirus 
helper function [155], binds to cellular DNA 
[153,155a], viral origin sequences [155а,156], and 
p53 [72,155а], and is transported normally to the 
cell surface [113]. However, some subtle structutal 
differences have been identified in cT-ag; it is 


differentially phosphorylated, as evidenced by its 
slightly more.basic isoelectric point [153] and by 
its unique phosphopeptide map [154,157]. This 
difference is not the cause of the nuclear transport 
defect but, rather, is the result of the inability of 
cT-ag to reach the nucleus where additional phos- 
phorylation normally occurs [157]. The properties 
of a different cT-ag described by Vesco and co- 
workers [158] are dissimilar, undoubtedly due to 
the large size of the deletion in the mutant viral 
genome. That transport-defective cT-ag retains the 
ability to oligomerize, but is dramatically under- 
phosphorylated and lacks specific DNA-binding 
activity (Fischer-Fantuzzi, L., Scheidtmann, К.Н. 
and Vesco, C., unpublished data). 

The structural basis for the nuclear transport 
defect was elucidated once the SV40 early region 
sequences were excised from the РАКА(2сТ) ge- 
nome and used to construct a recombinant virus 
[5У40(сТ)-3] containing the mutant early region 
and a WT 5У40 late region [68]. Marker rescue 
experiments mapped the defect between nucleo- 
tides 4568 and 4376, and sequence analysis of that 
region revealed a single point mutation at nucleo- 
tide 4434. This mutation resulted in the substitu- 
tion of an asparagine residue for the WT lysine 
residue at amino-acid position 128. At about the 
same time, several additional transport-defective 
mutants were obtained independently by the dele- 
tion of amino acids 110 to 152 [158] or by site-di- 
rected mutagenesis of the region around lysine 128 
[66]. The latter approach provided a more precise 
definition of the T-ag domain necessary for nuclear 
transport; it encompassed amino’ acids 126-132 
(-Pro-Lys-Lys-Lys-Arg-Lys-Val-), a sequence that 
includes a striking tract of five consecutive basic 
amino acids [67]. Since the discovery of the nuclear 
transport signal in T-ag, other nuclear proteins 
have been surveyed for analogous sequences; some 
contain the signal but others do not, suggesting 
that this primary sequence in T-ag is probably not 
a universal signal [159]. 

In IF tests, the distribution of cT-ag is usually 
observed to be diffuse throughout the cytoplasm 
with no distinct morphological patterns apparent 
[143,160]. However, in cells infected by the 
SV40(cT)-3 construct, more intense reactivity 15 
occasionally observed at the, cell periphery or in a 
reticular network throughout the cytoplasm [68]. 
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The ability to detect this defined subcellular distri- 
bution in certain cells may be related to the fact 
that lesser amounts of T-ag are induced by 
SV40(cT)-3 than by the parental hybrid virus, 
because the latter synthesis is under the control of 
the adenovirus late promoter (Ref. 153; Lanford, 
R.E., Jacob, J.R. and Butel, J.S., unpublished data). 
Faint nuclear reactivity is very seldom, if ever, 
observed in infected cells. In contrast, in cells 
transformed by the mutant virus, occasional cells 
will exhibit faint nuclear speckling in addition to 
the diffuse cytoplasmic T-ag reaction typically 
observed. The significance of this observation is 
considered below in the context of assigning T-ag 
functions involved in cell transformation. 

A striking phenotype associated with the cT 
mutation is the dominance of the cytoplasmic 
localization of T-ag over WT nuclear transport. 
WT T-ag is retained in the cytoplasm in cells 
co-infected with mutant and WT virus [160]. The 
same phenomenon occurs in transformed monkey 
cells constitutively expressing WT nuclear T-ag 
following superinfection with cT mutant virus 
[68,160]. The molecular basis of this effect is not 
clear, but it may be related to the oligomerization 
of T-ag molecules [68,160,161]. Not all cT-ag con- 
structs have been analyzed for the ‘dominance’ 
phenotype, so it is not known whether this char- 
acteristic will be common to all cT-ag mutations. 

The SV40(cT)-3 construct is unable to replicate 
in normal monkey cells [68,156]. This 1s not an 
unexpected finding, as T-ag is required for viral 
DNA replication, which occurs in the nucleus. 
The replication of SV40(cT)-3 DNA in COS cells 
ceases in parallel as the dominant effect of newly 
synthesized cT-ag causes the retention of WT T-ag 
in the cytoplasm [156]. Although cT-ag may be 
defective in functions other than nuclear trans- 
port, these observations suggest that insufficient 
mutant cT-ag is transported into the nucleus of 
monkey cells to support viral DNA replication. 

This fact is pivotal to the interpretation of 
several functional activities attributed to the 
SV40(cT)-3 mutant. Microinjection of SV40(cT)-3 
DNA into quiescent rodent cells resulted in the 
stimulation of cellular DNA synthesis in transient 
assays [162]. In addition, the nuclear-transport-de- 
fective mutants can mediate some transformation 
events (considered in detail below). As inadequate 
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levels of сТ-ав are transported to the nucleus to 
sustain viral DNA replication, it is reasonable to 
assume that the cytoplasmic and/or the plasma 
membrane-associated form of T-ag is involved in 
the expression of those functions by the mutant 
virus that approach WT levels of activity. 


VI. Individual functions of nuclear and membrane- 
associated T-ags in transformation 


The expression of T-ag is clearly required for 
the initiation and maintenance of cell transforma- 
tion by SV40, but the individual contributions of 
the nuclear and membrane-associated subpopula- 
tions have only recently been explored. The con- 
cept that co-operating oncogenes may be required 
for complete transformation [163] lends credence 
to the possibility that both forms of T-ag are 
involved in carcinogenesis. If so, SV40 T-ag would 
provide both immortalizing and transforming 
functions which are separated into two poly- 
peptides in the polyoma system and into two or 
more proteins with the human adenoviruses. 


VIA. Transformation domains of T-ag 


Deletion mutants have been used in numerous 
studies to attempt to assign transformation func- 
tions to specific domains of the T-ag molecule. 
However, the identification of sharply demarcated 
transformation domains has eluded definition. 
This difficulty may reflect a failure to use the 
proper assays for the detection of various pheno- 
typic changes, but also may be encountered be- 
cause protein conformation can be altered signifi- 
cantly by small changes in polypeptide sequence. 
T-ag conformation may be especially important in 
the execution of those events resulting in cellular 
phenotypic changes. Nevertheless, it appears that 
approximately the amino-terminal half of the 
molecule is sufficient to immortalize cells [49,60, 
61,164,165] (Fig. 2). 

The involvement of the carboxy-terminal half 
of T-ag in transformation is equivocal. The most 
complete examples of phenotypic transformation 
seem to require T-ag with an intact carboxy 
terminus, but some mutants encoding T-ag with 
carboxy-terminal changes can promote dense focus 
formation [43,46,62,164]. However, it is evident 


that ATPase activity [69], specific origin-binding 
[166], and the ability to initiate viral DNA synthe- 
sis [52,70,167,168] are not essential for induction 
of cell transformation by SV40 T-ag. 

The preceding types of study do not address 
the possible roles of T-ag molecules located in 
different subcellular compartments. The nuclear- 
transport-defective mutants of SV40 have been 
especially valuable for such analyses. 


VIB. Transformation by nuclear-transport-defective 
mutants 


Functional analysis of the parental 
PARA(2cT)-Ad7 was complicated by the presence 
of excess helper adenovirus particles, and this 
problem prompted the construction of the cT mu- 
tation onto ап SV40 background. Nevertheless, 
early studies with PARA(2cT) had suggested that 
its transforming potential was impaired. 
PARA(2cT) could transform hamster embryo 
fibroblasts, but with a lower efficiency than the 
parental hybrid virus [148]. The mutant virus was 
able to induce tumors in newborn hamsters, but at 
a much reduced frequency and with an extended 
latent period [169]. The tumor cells that were 
recovered behaved as minimal transformants, ex- 
hibiting reduced growth potential relative to WT 
transformants under stringent culture conditions 
[170]. Interestingly, the in vitro conditions ap- 
peared to exert a selective pressure for partial 
reversion of the cT-ag phenotype, as serial subcul- 
ture of cloned cells containing only cytoplasmic 
T-ag consistently resulted ın the evolution of mixed 
cultures with many cells showing some T-ag in the 
nucleus [170]. 

$\40 nuclear-transport-defective mutants, lack- 
ing the adenovirus background of PARA(2cT), 
can transform previously established (e.g., 3T3) 
cells in vitro at near WT virus frequencies, and 
cT-ag is retained in the cytoplasm of the trans- 
formed cells [72,171]. This suggests that nuclear 
T-ag 1s dispensable for transformation if the cells 
have already been immortalized by some other 
means. However, the mutants are markedly im- 
paired in their ability to induce tumors 1n new- 
born hamsters and to transform some types of 
primary cells. Transformation of primary mouse 
embryo cells was sharply reduced if low serum 


concentrations were used in focus assays and if 
anchorage-independent growth assays were utilized 
[72]. In those primary cells that were transformed, 
small amounts of cT-ag were transported to the 
nucleus [72]. Thus, transformation of primary cells 
by the cT mutant is detectable only under less 
stringent culture conditions and seems to require 
the presence of small amounts of T-ag in the 
nucleus. 

One simplistic interpretation of this finding is 
that nT-ag mediates the immortalizing function(s) 
of SV40 and pmT-ag provides the transforming 
function(s) This model represents an important 
conceptual link between the mode(s) of action of 
T-ag and other viral transforming proteins. Differ- 
ent transforming proteins appear to mediate dis- 
tinct, and perhaps co-operating, functions that 
may correlate with their particular localization 
within the cell [163,172,173]. In general, it is 
thought that transforming proteins localized within 
the nucleus mediate immortalizing functions, while 
those localized within the cytoplasm or at the 
plasma membrane mediate transforming functions 
[163]. 


VIC. Cellular protein p53 


Transforming proteins must mediate biological 
effects through interactions with cellular sub- 
strates. It is important, therefore, to understand 
those interactions. One substrate has been identi- 
fied in the SV40 system, a host cell protein desig- 
nated p53. Large T-ag forms a tight, noncovalent 
complex with p53 [123]. 

It is believed that p53 functions in regulation of 
normal cell proliferation. Its expression is associ- 
ated with the entry of normal cells from the 
resting to the growing state [174—176] and when 
monoclonal antibodies against p53 are microin- 
jected, the entry of cells into S phase is inhibited 
[177]. Like T-ag, p53 is found in the nucleus and 
at the plasma membrane, but membrane associa- 
tion is evident only during mitosis [176]. The 
amount of p53 in normal cells is low, and the 
protein is quite unstable. Complex formation with 
T-ag in transformed cells stabilizes p53, extending 
its half-life and causing an accumulation to 
elevated levels (178]. There are no changes in the 
amount of p53 mRNA, so the alteration affecting 
p53 in transformed cells appears to be post-tran- 
scriptional [179]. 
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The potential importance of p53 in cell trans- 
formation is strengthened by observations from 
other systems. The level of p53 is elevated іп cells 
transformed Бу DNA or RNA tumor viruses or by 
physical or chemical agents, and higher amounts 
are found in some human tumor cells [178]. The 
same p53 is stabilized in adenovirus-transformed 
cells and is actually bound to an E1B protein in 
Ad5-transformed cells [180,181]. The placement of 
a cloned p53 gene under the control of a strong 
promoter resulted in the production of high levels 
of p53, which immortalized primary cells and co- 
operated with the ras gene to mediate complete 
transformation [182-184]. A structural change was 
detected in p53 that prolonged its half-life in some 
way, and this was accompanied by an enhance- 
ment in immortalizing capability [185]. 

The p53 protein is complexed with SV40 T-ag 
in the plasma membrane of transformed cells, as 
well as with nuclear T-ag [31,78,97,108,110,130]. 
In cells expressing the mutant cT-ag, cytoplasmic 
T-ag also is complexed with p53 [72,155a]. It 1$ 
intriguing that no detectable p53 is complexed 
with surface T-ag on infected cells [130]. Perhaps 
the association with p53 changes the conformation 
of T-ag in the membrane of transformed cells, 
sparking some transformation-related functional 
activity. It has recently been shown that T-ag 
binding induces or stabilizes a particular p53 epi- 
tope, indicating that complex formation does have 
an effect on the conformation of p53 [186]. Fi- 
nally, recent studies with rat cells transformed by 
БА mutants showed that T-ag/p53 complex for- 
mation correlates with the transformed phenotype, 
whereas homo-oligomers of T-ag are not im- 
portant in maintenance of transformation [187]. 

These diverse observations combine to suggest 
that the interaction between T-ag and p53 may 
play a significant part in the SV40 transformation 
process. 


VID. Other evidence for role of membrane T-ag 


The transformation studies with the cT mutants 
(described above) strongly suggest that membrane 
T-ag provides a function involved in complete cell 
transformation. Several lines of more indirect evi- 
dence substantiate a role for pmT-ag. 

The expression of pmT-ag in SV40-transformed 
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cells is correlated with their growth rate: actively 
dividing cells consistently express higher levels of 
pmT-ag than resting cells, and the loss of pmT-ag 
precedes growth arrest in cells transformed by a 
tsA mutant of $V40 [188]. 

The large body of literature on $У40 TSTA 
[189], coupled with the demonstration that T-ag 
was part of TSTA, helped prove the existence of a 
surface form of T-ag. The fact that passage of 
tumor cells through SV40-immunized mice re- 
sulted in the retention of TSTA [190] suggests a 
requirement for surface T-ag by the tumor cells; 
otherwise, immune selection would have elimi- 
nated pmT-ag-positive cells and allowed the out- 
growth of variants lacking TSTA. In more direct 
support of a role for pmT-ag in cellular transfor- 
mation, Karjalainen et al. [191] have shown re- 
cently that transformation of primary cells by 
SV40 is inhibited in the presence of an SV40- 
specific CTL clone. 

The observation that certain antisera will react 
with the surface, but not the nuclei, of SV40-trans- 
formed celis [92,93,99] suggests that the native 
form of pmT-ag might differ from that of nT-ag 
and that the conformation of T-ag in the nucleus 
or plasma membrane may influence the way in 
which it is presented to the immune system. Dif- 


Nuclear . 
Membrane ^ 


Cytoplasm 


Wo АФ 
o № S 
Op 


7% 
© Baylor College of Medicine 1986 


Plasma __ 


Membrane 





ferences in the native structures of pmT-ag and 
nT-ag might provide a molecular basis for the 
abihty of each to provide distinct functions, in 
addition to their particular subcellular localiza- 
tions per se. 

Together, these findings suggest that pmT-ag 
plays an important role in cellular transformation 
by 5У40. 


VII. Model of mechanism of cell transformation by 
SV40 


Carcinogenesis is believed to be a multi-step 
phenomenon. The examples of cooperating onco- 
genes in transformation of primary cells in culture 
[163] are compatible with that concept. In the 
SV40 system, the steps leading to complete trans- 
formation occur concurrently, blurring individual 
contributions to the process. Experimental evi- 
dence is mounting, however, that both nuclear and 
membrane-associated forms of T-ag are function- 
ally important in mediating phenotypic trans- 
formation. A model of how these two forms ОГ 
T-ag might cooperate is presented in Fig. 3. Al- 
though some of the proposed nuclear events are 
substantiated experimentally, the functions out- 
lined for membrane T-ag are speculative and await 
experimental confirmation. 
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Fig. 3. Model of mechanism of transforma- 
tion by SV40. This model proposes that the 
nuclear and plasma membrane forms of T-ag 
provide separate and cooperative functions 
necessary to mediate phenotypic transforma- 
tion. See text for details. 


SV40 DNA sequences are integrated in the 
cellular chromosome and give rise to transcripts 
encoding T-ag (step 1). Transcripts are trans- 
ported to the cytoplasm (step 2) where Т-ар is 
synthesized (step 3). The majority of newly 
synthesized Т-ав is rapidly directed into the 
nucleus (step 4) because of the nuclear transport 
signal contained in its primary sequence. Nuclear 
Т-ар has a long half-life and accumulates to high 
levels. Some of the T-ag forms complexes with 
host protein p53. Free T-ag and/or T-ag/p53 
complexes bind to chromatin and the nuclear ma- 
trix (step 5), and the expression of cellular genes is 
activated (step 6). The effect on cellular transcrip- 
tion, and perhaps DNA replication, probably con- 
stitutes the T-ag immortalization function; it is 
essential if the transformation of primary cells is 
to occur. Although the T-ag function involved in 
gene activation is presumably derived from a nor- 
mal cell regulatory protein, regulation of T-ag 
activity is lost (due either to the absence of regu- 
latory domains on the polypeptide or to the high 
concentration of nuclear T-ag), and the cell re- 
mains continually activated. 

A minor fraction of T-ag is transported to the 
plasma membrane by an unknown pathway (step 
7). Some of the pmT-ag population is complexed 
with p53. It is postulated that the complex, or free 
pm1-ag, generates a growth signal that gets trans- 
mitted to the nucleus by an unknown mechanism 
(step 8). Membrane T-ag conformation might 
mimic an activated growth factor receptor or its 
presence at the cell surface might stimulate out- 
bursts of growth signal ‘second messenger’ mole- 
cules. Nuclear proteins, including nuclear T-ag, 
respond to the growth signal and promote func- 
tions culminating in cell division (step 9). Mem- 
brane T-ag would presumably not be responsive 
to control measures that regulate normal cell 
growth, so signalling from the cell surface would 
occur without interruption. This might result in 
the phenotypic changes characteristic of complete 
transformation. The signals generated by surface 
T-ag apparently can function in the absence of 
nuclear T-ag if the cell has been immortalized in 
some other way. A relatively weak membrane T-ag 
activity is probably what makes 8У40 less active 
as a transforming agent than some other tumor 
viruses. This may be because pmT-ag is not effec- 
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tively duplicating a cellular growth signal or be- 
cause the pmT-ag activity was derived originally 
from some tissue-specific function not common to 
the cell types routinely employed in laboratory 
transformation assays, thereby mininuzing its phe- 
notypic effects. 

The membrane T-ag with its termini exposed 
on the extracellular face of the cell would be 
recognized as foreign by host CTL, hence, the 
involvement of T-ag in SV40 TSTA. Some of the 
pmT-ag is shed (step 10), with unknown effects on 
the immune response of the host. 

SV40 is unique among known tumor viruses in 
combining multiple transforming functions into a 
single protein. If the basic features of this model 
are correct, T-ag should be considered a ‘dual 
oncogene' protein [73]. 


УШ. The cell biology of T-ag: mechanisms of 
biosynthesis, sorting and intracellular transport 


In addition to providing a possible molecular 
basis for its functional diversity, the differential 
subcellular localization of T-ag poses a unique cell 
biological problem. T-ag is one of the few proteins 
known to exist in both the nucleus and plasma 
membrane of the eucaryotic cell. Consequently, it 
is of general significance to determine how T-ag 
molecules are synthesized, sorted, and transported 
to their ultimate subcellular destinations. It is not 
yet possible to present a complete and unequiv- 
ocal description of these processes. However, in 
light of current data, it is possible to rule out 
certain mechanisms and to propose working mod- 
els for future studies (Fig. 4). 


VIIIA. Biosynthesis 


АП proteins are synthesized in the cytoplasm of 
the cell, but two different mechanisms can be 
utilized. One involves the translation of mRNA on 
free polyribosomes with the release of the newly 
synthesized ‘soluble’ protein into the cytoplasm. 
The other involves the translation of mRNA on 
membrane-bound polyribosomes with the translo- 
cation of the nascent polypeptide across the mem- 
brane of the RER. The latter mechanism is the 
first step in the secretory pathway, ‘which is re- 
sponsible for the biosynthesis and transport of 
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typical plasma membrane-bound proteins. 

SV40 T-ag is probably synthesized on free cyto- 
plasmic polyribosomes. Tabuchi and co-workers 
[76] used peroxidase-labeled Fab’ fragments of 
antibodies purified from TBS to determine the 
intracellular distribution of T-ag in infected cells 
at the ultrastructural level. At early times postin- 
fection, both free and membrane-bound poly- 
ribosomes were stained, but because TBS contains 
a mixture of antibodies, a definitive identification 
of T-ag at those two sites was not possible. Oren 
and Levine [192] isolated biologically active T-ag 
mRNA from a free polyribosome fraction of 
SV40-transformed cells by ап immunoselection 
procedure. The ability to select that mRNA popu- 
lation with T-ag-specific antisera substantiated the 
presence of nascent T-ag polypeptides in the free 
polyribosome fraction, and the specificity of the 
selected mRNA was proven by in vitro transla- 
tion. However, the membrane-associated poly- 
ribosome fraction was not analyzed. Indirect evi- 
dence against a role for membrane-bound poly- 
ribosomes in T-ag biosynthesis was provided by 
Lanford and Butel [113] by immune electron m- 
croscopy. The nuclear-transport-defective cT-ag 
appeared to exist in a soluble form in the cyto- 
plasm and was not detectably associated with any 
intracellular structures. However, the transport 
properties of the mutant cT-ag are aberrant, and 
the influence the mutation might have on its in- 
tracytoplasmic distribution is not known. 

We have recently completed a study in which 
the mechanism of T-ag biosynthesis and the role 
of the secretory pathway were addressed directly 
(Jarvis, D.L., Chan, W.-K., Estes, M.K. and Butel, 
J.S., unpublished data). SV40 early mRNA was 
isolated from infected cells and translated in vitro 
in the presence of microsomal vesicles; the ability 
of newly synthesized T-ag to cross the microsomal 
membrane was assayed by its susceptibility to 
trypsin digestion. As a positive control, a rotavirus 
glycoprotein that is normally.transported through 
the secretory pathway was translocated to the 
interior of the microsomal vesicles where it was 
protected from the action of exogenous trypsin. In 
contrast, T-ag remained sensitive to trypsin treat- 
ment, suggesting that it did not cross the micro- 
somal membrane. Free and membrane-bound 
polyribosome fractions were then isolated from 


SV40-infected cells, and the RNA from each frac- 
tion was extracted and translated in vitro; T-ag 
could be translated only with the RNA from the 
free polyribosome fraction. Both results suggest 
that the intracellular site of T-ag biosynthesis is on 
free cytoplasmic polyribosomes and that T-ag does 
not enter the secretory pathway at the level of the 
RER. These findings are consistent with the ab- 
sence of a signal sequence in T-ag, which would be 
required to mediate an interaction through the 
signal recognition particle between nascent T-ag 
molecules in the translational complex and a re- 
ceptor in the membrane of the RER [132,133]. 
Thus, available data suggest that the first step in 
the T-ag biosynthetic pathway is translation on 
free polyribosomes, with the release of newly 
synthesized T-ag molecules into the cytoplasm 
(Fig. 4, panels A, B, C). 


VIIIB. Sorting 


A structural difference between nT-ag and 
pmT-ag could provide a sorting signal for the 
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Бір 4 Three possible mechanisms for the intracellular sorting 
of T-ag molecules destined for the nucleus or the plasma 
membrane The figure depicts a eucaryotic cell, with the nucleus 
and plasma membrane shown Тһе ‘T’s’ are T-ag molecules, 
with the closed T and stnated T representing structurally 
different forms Panel А All newly synthesized T-ag 15 trans- 
ported to the nucleus, and a small fraction 1s subsequently 
transported to the plasma membrane. Panel В Most of the 
newly synthesized T-ag is transported to the nucleus, but a 
minor fraction undergoes a subtle structural modification that 
allows it to specifically overcome the nuclear transport signal 
and be transported to the plasma membrane Panel C: Most of 
the newly synthesized T-ag 1s transported to the nucleus, but a 
minor fraction simply ‘escapes’ the nuclear transport signal 
and is transported to the plasma membrane. Note that only 
model B invokes a structural difference between nT-ag and 
pmT-ag 


intracellular recognition and transport of newly 
synthesized T-ag molecules to either the nucleus 
or plasma membrane (Fig. 4, panel B). Histori- 
cally, the best candidate for a unique form of 
pmT-ag with a difference in its primary structure 
has been T *-ag, but, as detailed above, its involve- 
ment has been ruled out. The possibility that more 
subtle structural differences in chemical modifica- 
tions and/or supramolecular structure might act 
as a sorting signal has not been excluded. 

The structures of nT-ag and pmT-ag from sub- 
cellular fractions have been compared by a variety 
of peptide mapping techniques [31,141]. The nT-ag 
and pmT-ag populations appeared to be structur- 
ally homologous, ruling out a mechanism of in- 
tracellular sorting based upon a major structural 
difference [141]. However, only methionine- and 
proline-containing peptides, encompassing about 
60% of the T-ag molecule, were examined. АЈ- 
though this limitation was circumvented by the 
analysis of V8 proteolytic partial peptides, as the 
larger digestion products undoubtedly included 
regions of T-ag lacking those amino acids, it could 
not be concluded that there were absolutely no 
structural differences between nT-ag and pmT-ag. 
Schmidt-Ullrich et al. [31] did detect minor dif- 
ferences between tryptic peptide maps of radio- 
iodinated nT-ag and pmT-ag. It is possible that 
the use of radioiodinated T-ag permitted the reso- 
lution of minor differences that could not be 
detected by metabolic labeling with amino acids. 
It should be noted that different sources of T-ag 
were used in the two studies; Schmidt-Ullrich et 
al. examined a transformed human cell line (SV80) 
and Jarvis et al. analyzed SV40-infected monkey 
cells. This may be important, because the proper- 
ties of T-ag from different cell lines sometimes 
differ in characteristics such as specific DNA-bin- 
ding abilities [193], phosphorylation patterns 
(Scheidtmann, K.H., personal communication), 
and cell-surface disposition [95,129]. It can be 
concluded that, although no major differences ex- 
ist between the structures of pmT-ag and nT-ag, 
subtle distinctions have not been ruled out. 

Minor structural differences might reflect varia- 
ble chemical modifications of nT-ag and pmT-ag. 
Indeed, pmT-ag is differentially modified by 
palmitylation [33]. Although this modification 
accounts for minor differences in peptide maps 
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[31], it probably does not provide a sorting signal 
for the differential localization of nT-ag and pmT- 
ag. First, only a subpopulation of the total pmT-ag 
exhibits that modification and, second, palmityla- 
tion probably occurs after and is a result of the 
entry of pmT-ag into its particular transport path- 
way. Available evidence suggests that palmityla- 
tion occurs in the Golgi apparatus [194,195], so 
that organelle might be involved in the transport 
of pmT-ag to the plasma membrane. Alterna- 
tively, acylation of T-ag might occur at the plasma 
membrane itself by the acquisition of membrane 
lipids. The latter possibility is supported by stud- 
ies which have shown that palmitylation occurs 
independently of protein synthesis [196,197] and 
can occur as long as 48 h after the synthesis of 
some membrane-bound proteins [198]. In ad- 
dition, exogenously added T-ag can apparently 
undergo palmitylation by association with the cell 
surface [199]. 

Glycosylation may help distinguish nT-ag and 
pmT-ag. Whole-cell T-ag can be metabolically 
labeled with radioactive glucosamine or galactose, 
and control experiments have eliminated the pos- 
sibility that the labeling occurs nonspecifically 
after randomization of the sugars to other radioac- 
tive precursors (Refs. 31, 32; Schmitt, M.K. and 
Mann, K., personal communication). However, it 
is unclear whether glycosylation represents a 
structural feature limited to any particular T-ag 
subpopulation. The obvious prediction is that gly- 
cosylation would be restricted to pmT-ag, as this 
modification is a common characteristic of plasma 
membrane proteins. Schmidt-Ullrich et al. [31] 
found that only pmT-ag was labeled with [14 C]glu- 
cosamine and invoked the presence or absence of 
glycosylation as one possible explanation for the 
differences in pmT-ag and nT-ag peptide maps. 
However, on the basis of subcellular fractionation 
and differential immunoprecipitation of labeled 
SV40-infected cells, we have found that both nT-ag 
and pmT-ag populations are labeled with galac- 
tose (Jarvis, D.L. and Butel, J.S., unpublished 
data). We believe that glycosylation per se does 
not provide a signal for the differential localiza- 
tion of nT-ag and pm T-ag. The incorporation of 
galactose into T-ag appears to be co-translational, 
being inhibited іп the presence of cycloheximide 
(Jarvis, О.Г. and Butel, J.S., unpublished data). 
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We also have found that T-ag is glycosylated at 
multiple sites, with at least two differing size 
classes of glycopeptides isolable from galactose- 
labeled T-ag (Jarvis, D.L. and Butel, J.S., unpub- 
lished data). Thus, it is possible that one form of 
T-ag 1s glycosylated at a subset of sites, while the 
other is glycosylated at different or additional 
sites. Additional studies will be necessary to de- 
termine whether differential glycosylation рго- 
vides a structural basis for the intracellular sorting 
and localization of nT-ag and pmT-ag. 

Finally, it is possible that the intracellular re- 
cognition of T-ag molecules destined for the 
nucleus or plasma membrane is based upon dif- 
ferences in their supramolecular structures. T-ag 
molecules in the cytoplasm of SV40-infected cells 
reportedly oligomerize more quickly than those 
within the nucleus, prompting the suggestion that 
oligomerization might prevent the movement of 
T-ag into or out of the nucleus [161]. Perhaps 
premature oligomerization of a small population 
of newly synthesized T-ag molecules prevents its 
movement into the nucleus and allows it to enter 
an alternative transport pathway to the plasma 
membrane. 


VIIIC. Transport 


` Newly synthesized T-ag is transported out of 

the cytoplasm very quickly, as it is usually not 
detectable in cytoplasmic fractions of SV40- 
infected or -transformed cells [78,97]. Although 
small amounts of T-ag have been detected in 
cytoplasmuc fractions, the majority of T-ag is 
transported to the nuclear compartment within 15 
min of its biosynthesis [161,200]. The kinetics of 
transport of T-ag to the plasma membrane have 
not been determined, but a preliminary experi- 
ment suggests that transport is rapid [130]. 

The precise mechanism of transport of T-ag to 
the nucleus is unknown. T-ag contains a strong 
nuclear transport signal that is generated by the 
primary amino-acid sequence around Lys-128 
[66,68]. A stretch of seven predominantly basic 
amino acids in that region is critical for the ex- 
pression of the signal and, when fused to certain 
cytoplasmic proteins, can redirect those proteins 
to the cell nucleus [67]. In addition, synthetic 
peptides containing this amino-acid sequence will 


mediate the nuclear localization of coupled pro- 
teins as large as ferritin (465 kDa), while peptides 
containing the Lys to Asn substitution typical of 
cT-ag are unable to do so [200a]. Examination of 
the sequences of other nuclear proteins for the 
T-ag nuclear transport signal has revealed some 
similarities but, as yet, а consensus sequence сап- 
not be readily identified [159,201]. The cellular 
components and processes that recognize the T-ag 
nuclear transport signal and accomplish its nuclear 
localization are not understood. 

The question of whether pmT-ag expresses а 
functional nuclear transport signal is central to the 
eventual solution of the T-ag transport problem. If 
Т-ар is structurally homogeneous at this point in 
its biosynthetic pathway, the strong nuclear trans- 
port signal might dictate the transient localization 
of plasma membrane-destined molecules (pmT-ag) 
into the nucleus (Fig. 4, panel A). Although pmT- 
ag could conceivably be derived from the nT-ag 
pool a novel transport mechanism from the 
nucleus to the plasma membrane would be re- 
quired. In addition, this proposal 1s inconsistent 
with the abihty of сТ-а to achieve a plasma 
membrane localization. An alternative proposal is 
that the T-ag destined for the plasma membrane 
undergoes a subsequent subtle structural modifi- 
cation, as discussed above, that negates the nuclear 
transport signal (Fig. 4, panel B). Finally, there is 
the possibility that the small amounts of T-ag that 
associate with the plasma membrane do so by 
simply escaping the strong nuclear transport sig- 
nal and entering some other transport pathway 
(Fig. 4, panel C). However, if pmT-ag provides а 
critical function at the cell surface, as current data 
suggest, it is difficult to rationalize such a non- 
specific mechanism of transport. 

The mechanism by which T-ag is transported to 
the plasma membrane remains a complete mys- 
tery. Typically, plasma membrane-associated pro- 
teins are routed through the secretory pathway, 
entering at the level of the RER and migrating 
through various compartments of the Golgi ap- 
paratus to the plasma membrane [131-133]. How- 
ever, it is unlikely that this pathway accomplishes 
the transport of pmT-ag. T-ag does not appear to 
contain a characteristic signal or insertion se- 
quence that would account for its ability to cross 
the RER membrane (see above). Furthermore, the 


majority of plasma-membrane-bound proteins that 
enter the secretory pathway are modified by co- 
translational N-glycosylation [202]. T-ag does 
possess one consensus N-glycosylation site [203] at 
amino acids 156 to 158 (Asn-Arg-Thr), but it does 
not contain N-linked oligosaccharides [32]. Fi- 
nally, a chimeric protein, HA-T-ag, was recently 
designed to force T-ag into the secretory pathway 
by means of the amino-terminal signal sequence 
of the influenza hemagglutinin [137]. HA-T-ag 
entered the secretory pathway and became М- 
glycosylated, but failed to proceed along the path- 
way to the plasma membrane. These results sug- 
gested that the secretory pathway 1s not normally 
utilized for the transport of WT T-ag. The authors 
proposed an alternative model whereby all T-ag 
molecules are transported into the nucleus by the 
expression of the nuclear transport signal, a frac- 
tion becomes associated with the inner nuclear 
membrane, and that membrane breaks down dur- 
ing cell mitosis, generating small vesicles that carry 
the associated T-ag molecules to the plasma mem- 
brane [137]. Certain limitations of the use of the 
HA-T-ag construct to define the involvement of 
the secretory pathway are evidenced by the results 
of another study in which a similar chimeric pro- 
tein was constructed. The signal sequence of the 
influenza hemagglutinin, which normally utilizes 
the secretory pathway, was replaced with the sig- 
nal sequence from the vesicular stomatitis virus G 
protein [204]. As was observed with HA-T-ag, the 
heterologous signal sequence mediated the entry 
of the chimeric protein into the secretory pathway, 
but interfered with its normal progression to the 
plasma membrane. Presumably, some undefined 
change in the overall conformation of the protein 
produced the adverse effect. Nevertheless, the 
HA-T-ag observations, together with our in vitro 
translation experiments with WT SV40 mRNA, 
strongly suggest that T-ag is synthesized on free 
polyribosomes and that it does not enter the secre- 
tory pathway at the level of the RER. 

In view of the inability of T-ag to interact with 
the RER, a role for the Golgi apparatus in T-ag 
biosynthesis and transport is doubtful, as proteins 
typically gain access to the Golgi through the 
RER. However, as some T-ag molecules are 
palmitylated [33] and appear to be O-glycosylated 
[32], modifications thought to occur in the Golgi 
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apparatus [194--197,205—208], we considered the 
possibility that T-ag might enter the Golgi ap- 
paratus through some unrecognized alternative 
pathway. Treatment of SV40-infected cells with 
monensin, an inhibitor of Golgi function [209], 
under conditions that inhibited terminal glycosy- 
lation of the vesicular stomatitis virus G protein 
[210], had no specific effect on the glycosylation 
or cell surface expression of T-ag (Jarvis, D.L. and 
Butel, J.S., unpublished data). Thus, the Golgi 
apparatus does not appear to be involved in either 
the glycosylation or surface transport of T-ag, a 
finding consistent with the general lack of a role 
for the secretory pathway. With the elimination of 
this pathway it becomes difficult to explain how 
Т-ар becomes glycosylated or acylated. We believe 
that the exciting possibility must be seriously con- 
sidered that both modifications occur by previ- 
ously unrecognized mechanisms and that the 
transport of pmT-ag to the plasma membrane 
follows a currently unknown route. 


IX. Conclusion 


In the 25 years since its discovery, studies of 
SV40 have fostered many technological and intel- 
lectual advances in viral oncology and molecular 
biology. The SV40 system will continue to provide 
an excellent tool for the investigation of basic 
cellular processes. In this respect, T-ag is a par- 
ticularly useful protein; by virtue of its multifunc- 
tional nature, it can be applied to the study of 
such diverse biological phenomena as DNA repli- 
cation, regulation of gene expression, control of 
cellular proliferation and the host immune re- 
sponse to tumors. In addition, the unusual subcel- 
lular distribution of T-ag presents a unique op- 
portunity for the analysis of cellular mechanisms 
of protein biosynthesis and trafficking. The next 
25 years of investigation promise to be as instruc- 
tive as the last, with many unexpected revelations 
sure to ensue. 
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I. Characteristics of murine leukemia viruses 
1A. General aspects and scope of review 


Murine leukemia viruses (MuLV) are members 
of the group of RNA tumor viruses, which is one 
of the three subfamilies of Retroviridae [1]. ЕМА 
tumor viruses are widespread among many 
vertebrate species, e.g, birds, rodents and cats, 
and induce néoplasias of predominantly hema- 
poietic origin [1-4]. In primates and in man, retro- 
viruses are also found [1,5] as exemplified by 
human T lymphotropic virus-I (HTLV-I) causing 
adult T-cell leukemia/lymphoma and human im- 
munodeficiency virus (HIV), the etiologic agent of 
acquired immunodeficiency syndrome (AIDS) [5]. 
Characteristically, ЕМА tumor viruses encode an 
RNA-dependent DNA polymerase (reverse tran- 
Scriptase), which enables the virus to generate a 
double-stranded DNA copy [1,4,6], using the 
single-stranded viral RNA genome as template. 
The double-stranded proviral DNA integrates into 
the cellular DNA, whereafter the provirus is tran- 
scribed into genomic RNA which will direct the 
synthesis of viral proteins, followed by assembly 
of new virus particles [1,6]. An ВМА tumor virus 
particle (approx. 1000 À in diameter) consists of 
an outer lipid membrane with the viral envelope 
proteins on its surface. The inner core particle 
contains the gag proteins and two identical 
single-stranded RNA genomes. On the basis of 


their ultrastructural morphology, RNA tumor 
viruses are classified as types A-D [1]. 

MuLV belong to the type С ВМА tumor viruses. 
The 8.2-kb-long RNA genome encompasses three 
major regions: 5’-gag-pol-env-3’ [1,4] (Fig. 1). The 
gag region encodes the 65 kDa gag precursor 
which is processed into the viral core proteins p15, 
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Fig 1. Structure and mode of expression of an integrated 
murine leukemia provirus 


рр12, р30 and р10. Тһе pol region codes for the 
75 kDa reverse transcriptase and in addition, this 
region encodes a proteinase [7] and most likely a 
protein required for the integration of proviral 
DNA [8]. The env region encodes the 85 kDa env 
precursor which is processed into the gp70 and 
p15(E) envelope proteins. 

An important feature of the linear (integrated) 
proviral DNA is the presence of identical long 
terminal repeat (LTR) sequences at both termini 
(Fig. 1). These LTR sequences are generated dur- 
ing the reverse transcription reaction and contain 
sequences of both the 5^ and 3’ ends of the viral 
RNA genome [1,4,6]. The LTRs contain sequences 
unique to the 5' end of the viral RNA genome (U5 
sequences), a repeat sequence (R sequence) pre- 
sent at both ends of the viral RNA genome and 
sequences unique to the 3’ end of the RNA ge- 
nome (U3 sequences). In most MuLV, the U3-LTR 
sequences contain regulatory signals important in 
viral transcription, such as the ‘TATAA’ and 
CCAAT-like boxes, enhancer region and tran- 
scription termination signals [1] The acutely 
transforming retroviruses (including the MuLV- 
derived mouse sarcoma viruses and the Abelson 
virus) contain a fourth gene denoted ‘onc’, which 
causes selective transformation of distinct cell 
types infected with these viruses [2,3,10,11]. In 
most cases the insertion of the ‘onc’ gene is 
accompanied by the deletion of (sections of) viral 
structural genes. As a result, these acutely trans- 
forming retroviruses are mostly replication-defec- 
tive [2,3,10,11]. For in vivo/ vitro spread / trans- 
formation, they therefore need a slow acting repli- 
cation-competent helper virus [2,3,10,11]. Recent 
reviews concerning the molecular biology of RNA 
tumor viruses [1-4,9], cellular oncogenes and 
acutely transforming retroviruses [2,3,10,11] are 
available. 

The induction of lymphomas in the mouse by 
slow-acting MuLV was first shown in 1951 by the 
imposing studies of Ludwig Gross [12], whose 
efforts generated intense interest in the role of 
MuLV in murine lymphomagenesis, including 
scrutiny of the role of different host-range classes 
of MuLV in the process of lymphomagenesis, and 
characterization of cellular resistance genes [13]. 
In this review we shall discuss genetically 
determined resistance mechanisms’ against lym- 
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phomagenesis induced by slow acting MuLV, with 
emphasis on immune mechanisms and the role of 
the murine major histocompatibility complex 
(MHC; H-2 complex). These data will be dis- 
cussed in the light of recent insights into the 
cellular events, including onc-gene activation and 
chromosomal aberrations, involved in malignant 
transformation of mouse lymphoid cells. 


IB. Host-range classes of MuLV 


The ability of MuLV to infect cells depends on 
the viral gp70 envelope protein which determines 
the interaction with the different cellular receptors 
for the various host-range classes of MuLV 
[14-16]. According to their ability to infect and 
replicate in cells of mouse and/or non-mouse 
origin, murine leukemia viruses have been divided 
into four host-range classes (Table I): 

(a) Ecotropic. 'This class of MuLV only infects 
and replicates in mouse cells. By biochemical and 
antigenic differences, ecotropic MuLV fall into 
two main groups: (1) AKR-type virus, which is 
endogenous to most inbred mice, and (2) FMR- 
type virus, represented by the exogenous Friend, 
Moloney and Rauscher species of MuLV. 

(b) Xenotropic. This class of MuLV infects and 
replicates only 1n certain non-mouse species such 
as cat, mink, rabbit or man [16]. Xenotropic MuLV 
is not infectious for cells from all inbred and most 
wild mice. Recently, cells from some wild mice 
were found to be susceptible to infection with 
xenotropic MuLV [17]. 

(c) Amphotropic. This wild-mouse-derived 


TABLE I 
HOST-RANGE CLASSES OF MURINE LEUKEMIA 
VIRUSES 


Host-range class Replication in cells 





of MuLV of different origin 
| тоцзе non-mouse 
a Ecotropic * = 
Ы Xenotropic БЫ + 
с Amphotropic + + 
а Dualtropc MCF + + 


а Recently cells derived from some wild mice were found to be 
susceptible to infection with xenotropic MuLV [17]. 
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MuLV species is infectious for both mouse апа 
certain non-mouse cells [16]. 

(d) Dualtropic mink cell focus-inducing (MCF). 
The MCF viruses, which have been isolated from 
(pre)leukemic tissue of inbred mice, can also infect 
and replicate in both murine and certain non- 
murine cells [16]. They can be clearly dis- 
tinguished, however, both antigenically [18-20] 
and biochemically [21] from the wild-mouse-de- 
rived amphotropic class of MuLV, because they 
are recombinants of ecotropic- and xenotropic-like 
sequences in the viral env region [21-24]. Some 
MCF isolates preferentially replicate in the thymus 
and are therefore designated as thymotropic 
[25,26]. A special feature of MCF viruses is that 
they induce cytopathologic changes in mink lung 
cells [27]. Amphotropic and most xenotropic 
MuLV do not induce these changes, with the 
exception of certain xenotropic viruses isolated 
from SL mice [28]. 


Nature of host-range restriction 

Ecotropic, amphotropic and dualtropic MCF 
viruses appear to infect mouse cells via different 
cellular receptors [15,16,29,30]. The exact number, 
identity and mode of action of these cellular 
receptors is still unknown [29,30]. A locus neces- 
sary for replication of ecotropic MuLV, possibly 
encoding the cellular receptor for ecotropic MuLV 
has been mapped to chromosome 5 [31]. A gene 
necessary for replication of amphotropic MuLV 
has been localized on chromosome 8 [32] and for 
MCF viruses on chromosome 1 [33]. The identity 
of the cellular receptor for ecotropic MuLV is still 
controversial. А receptor for the ecotropic 
Friend/Rauscher type of MuLV has been char- 
acterized as a 10-14 kDa protein which is 
expressed both on fibroblasts [34] and spleen cells 
[35]. The receptor for Moloney MuLV solubilized 
from murine L-cell membranes has an approxi- 
mate molecular mass of 110 kDa [36]. Binding 
studies with P5I.labeled gp70 indicate, however, 
that the cellular receptor for the ecotropic Molo- 
ney MuLV on thymocytes consists of a dimer of a 
190 kDa protein [37,38]. This putative Moloney 
MuLV receptor is expressed on the majority of 
normal thymocytes and to a lesser extent on nor- 
mal spleen and bone-marrow cells [37]. Despite 
this fact, normal thymocytes [39] or mitogen/ 


interleukin-2-stimulated T cells [39—41] cannot be 
productively infected 1n vitro by ecotropic Molo- 
ney virus. It is not clear whether this inability to 
productively infect T cells 1s due to a failure to 
penetrate into the cells, a low level of proviral 
integration or the result of a transcriptional block 
for integrated proviruses. Such a transcriptional 
block has been described for Moloney MuLV-in- 
fected embryo carcinoma cells [42,43]. In vitro, 
only lipopolysaccharide-stimulated B-cell blasts 
can readily be productively infected by Moloney 
MuLV [39,40]. 

Little is known concerning the identity and cell 
distribution on lymphocytes of the cellular recep- 
tors for the other host range classes of MuLV. In 
vitro, only a small population of thymocytes is 
susceptible to productive infection by cloned 
thymotropic oncogenic AKR MCF viruses [25]. In 
vivo, the thymotropic radiation leukemia virus 
initially only replicates in a small minority of 
thymocytes [44]. 


The Ер-1 gene and other cellular genes regulating 
MuLV replication 

The murine Fv-1 locus on chromosome 4 en- 
codes a product which interferes with productive 
infection by certain species of MuLV [13,45]. The 
Fv-1 gene product most likely 1nhibits the integra- 
tion of proviral DNA into the cellular genome 
[46]. The viral structure involved in the determina- 
tion Fv-I host range appears to reside in the gag 
p30 gene of the nonintegrated proviral DNA 
[47-49]. At least three Fv-1 alleles are known in 
inbred mice [13]. Homozygous Fv-1"/^ cells are 
much more susceptible (1000-fold) to productive 
infection by N-tropic MuLV than to B-tropic 
MuLV, while homozygous Fv-1"/^ cells are more 
susceptible (100-fold) to B-tropic MuLV. Hetero- 
zygous Fv-1*7? mice are resistant to both N- and 
B-tropic viruses [13,50]. A third restriction allele 
(Fv-1™) carried by a few inbred mouse strains 
affects susceptibility to B-tropic viruses as well as 
certain N-tropic MuLV isolates [50]. Wild mice 
carry the Fv-1™ or the Fv-1? locus, which does not 
restrict either N- or B-tropic viruses [50]. 

A recent study by Levy et al. [51] partially 
elucidated the mechanism of action of the product 
of another cellular locus, denoted Gv-1. The Gv-1 
locus was shown to coordinately regulate the tran- 


scription of multiple endogenous murine retro- 
viruses in 129 mice, most likely by regulating the 
state of methylation of these proviruses [51]. 

A third important autosomal gene (Rmcf") in- 
terferes with the infection and spread of MCF 
viruses in some mouse strains (e.g., DBA/2), pre- 
sumably because it.encodes an MCF MuLV-re- 
lated env gene product expressed on the surface of 
lymphoid cells, thus preventing de novo infection 
by exogenous MCF viruses [52—58]. 


IC. Endogenous MuLV-related proviral sequences 


The genomes of all inbred mice and most wild 
mice contain a large number of MuLV-related 
proviral sequences. Both ecotropic and МСЕ/ 
xenotropic MuLV-related proviral sequences are 
present in the genome, either as intact inducible 
proviruses or as non-inducible (probably defec- 
tive) genomes. All of these MuLV proviral ge- 
nomes are transmitted as Mendelian genes. 


IC-a. Ecotropic MuLV-related proviral sequences 
Inbred mice contain variable numbers of eco- 
tropic MuLV genomes as revealed either by the 
production of (inducible) infectious ecotropic 
Мшых [59-61] or by the presence in the genome 
of proviruses annealing with probes specific for 
the ecotropic gp70 and р15(Е) genes [24,62,63]. 
Some inbred mice, such as high spontaneous 
leukemia incidence AKR/N, AKR/J and C58/J, 
mice [61-64] contain several loci of ecotropic 
MuLV. Different sublines of АКК писе contain 
variable numbers of proviral ecotropic MuLV 
[63-66]. Even within one distinct AKR substrain, 
diversity is sometimes seen among individual 
animals, reflecting novel germ-line proviral inser- 
tions in this strain, with genetically determined 
highly infectious virus levels persisting throughout 
its reproductive period [63,66-68]. Other inbred 
mice, such as C57BL/10, BALB/c and A, with 
genetically controlled low levels of infectious virus 
expression, contain a single ecotropic provirus 
[24,61,62]. These proviruses have been assigned to 
different chromosomes, e.g., chromosome 8 in 
C57BL/10 mice and chromosome 5 in BALB/c 
and А mice [60,61]. Other strains (e.g, М2В, 
NIH/ Swiss and 129 mice) lack an ecotropic 
MuLV provirus in their genome [62]. In wild mice, 
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ecotropic MuLV genomes have been found only in 
the DNA of Japanese mice, suggesting an Asian 
origin of the AKR-type of ecotropic MuLV [69]. 

The expression of ecotropic MuLV envelope 
proteins encoded by endogenous provirus(es) could 
be important in preventing viremia and tumori- 
genesis induced by horizontal infection with ex- 
ogenous ecotropic MuLV. An example in favor of 
this hypothesis is the association between the Fv- 
4-locus-mediated resistance against Friend virus- 
induced erythroblastosis and the presence [70,71] 
and expression [71-74] of ecotropic envelope-re- 
lated proviral sequences [74]. 

B10.Y(H-2P*) mice have been reported to 
possess a high level of expression of endogenous 
ecotropic MuLV which appears to be regulated by 
the H-2 complex [75]. The presence in this B10.Y 
strain of a milk-transmitted MuLV has not com- 
pletely been ruled out, however [75]. 


IC-b. Xenotropic / MCF MuLV-related proviral se- 
quences 

Hybridization studies with xenotropic/ MCF 
env-specific probes [57,76-80] and molecular clon- 
ing of endogenous proviruses [81,82] revealed the 
presence of multiple copies (15 to 30) of env-re- 
lated segments in the genome of all inbred and 
most wild mice. The DNAs of inbred mice most 
likely contain fewer xenotropic than MCF MuLV 
env-related sequences [80]. One or more of these 
loci encode inducible infectious xenotropic MuLV 
[61,83], others probably represent defective pro- 
viruses [61,81]. A number of the xenotropic/ 
MCF-related env sequences have been assigned to 
chromosomal regions which are tightly linked to 
loci encoding minor histocompatibihty and/or 
lymphocyte differentiation antigens [60,84—86]. 
Interestingly, some sequences annealing to a 
MuLV-specific probe have been localized to the 
TL region of the major histocompatibility com- 
plex, H-2 [87]. One sequence (TLenvl) contains 
sequences annealing with gag, pol and env AKR 
MuLV region probes. These MuLV-related se- 
quences are bounded by retrovirus-like, VL30 long 
terminal repeats [88]. The other sequence (TLenv2) 
only hybridizes with a probe derived from the pol 
region of ecotropic AKR MuLV [88]. In certain 
mouse strains ап H-2-linked regulation of xeno- 
tropic MuLV expression has been observed [89]. 
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П. The involvement of different host-range classes 
of MuLV in lymphomagenesis 


ПА. Spontaneous АКК thymomas 


AKR mice have been selected for a high spon- 
taneous thymoma development (reviewed by Gross 
[12]). At 6-12 months of age almost all AKR mice 
develop thymic T-cell lymphomas which some- 
times also spread to peripheral lymphoid organs 
such as spleen and mensenteric lymph nodes [12]. 

In the process of lymphomagenesis in the 
thymus, MCF viruses are generated by recombina- 
tion between the endogenous ecotropic MuLV 
expressed early in life by AKR mice and endoge- 
nous xenotropic-like envelope and LTR proviral 
sequences [23,24,27,90]. In addition, ecotropic re- 
combinant viruses (ERV) may be generated which 
have an ecotropic host range but in the env region 
possess restriction sites characteristic of MCF 
viruses [91]. Several observations indicate that not 
only newly generated MCF viruses but also eco- 
tropic MuLV with altered LTR sequences are 
causative agents in thymoma development: 

First, the onset of lymphoma development in 
the thymus is preceded by the generation and 
expression of recombinant MCF [26,27,90,92—95] 
and (recombinant) ecotropic MuLV [23,91,95--102] 
with acquired xenotropic MuLV-related sequences 
in the gag-pol, env and/or LTR region. 

Second, some of the isolated AKR MCF viruses 
accelerate thymoma development after inoculation 
into newborn AKR and C3H mice [26,95103-106]. 
Other strains of mice (е.2., DBA/2, NFS), how- 
ever, are resistant [28,107]. Susceptibility to 
lymphomagenesis by the highly oncogenic AKR 
MCF 247 virus in АКВ x NFS crosses segregates 
with the presence of an endogenous ecotropic 
provirus [108]. This indicates that in these АКВ х 
NFS crosses the AKR MCF 247 virus might need 
further recombination to create even more onco- 
genic recombinant viruses. Alternatively, the pres- 
ence of ecotropic MuLV may facilitate the spread 
of the AKR MCF 247 virus. Certain ecotropic 
MuLV isolates with alterations in the р15(Е) 
and/or LTR region are highly oncogenic as well 
[97,98,100,101,109,110]. However, lymphomagene- 
sis by these altered ecotropic MuLvV isolates in 
AKR mice and most other mouse strains may be 


associated with the integration and expression of 
MCF Ми У in the DNA of tumor cells [111,112]. 

Third, neonatal inoculation of AKR mice with 
a thymotropic non-oncogenic MCF virus notably 
delays the onset of spontaneous AKR thymomas 
[113,114], probably by interference with the spread 
of oncogenic МСЕ viruses which are generated de 
novó later on in the inoculated mice. 

Fourth, AKR thymoma DNA contains integra- 
tions of predominantly MCF type of MuLV 
[24,78,115-118] In 10-15% of the spontaneous 
and 20-65% of the АКВ thymomas induced by 
oncogenic MCF viruses, MCF proviruses integrate 
in the vicinity of the cellular oncogenes c-myc 
[119—122] or pim-1 [120,122,123] and activate the 
transcription of these genes [119,120,122,123]. At 
lower frequency, somatically acquired MuLV ge- 
nomes with ecotropic gp70 sequences are found in 
tumor DNA [78,98,117,118,124], some of which 
have been shown to activate c-myc or ріт-1 
[120,122,123]. 

Тһе oncogenic potential of MCF and ecotropic 
АКЕ МиГ У isolates is predominantly determined , 
by structures in the LTR [110,111,125—127]. These 
LTR sequences contain enhancer regions which 
cause a tissue-specific transcription preference of 
the recombinant MuLV [128]. In addition, studies 
with constructed chimeric viral genomes between 
non-lymphomagenic and highly oncogenic eco- 
tropic or MCF viruses indicate that the regions 
encoding gag-pol, gp70 and p15(E) also contribute 
to the oncogenicity of an ecotropic or MCF MuLV 
[125—127]. 

Although AKR mice have been selected for a 
high spontaneous thymoma development [12], the 
bone marrow of thymectomized 8-12-mo-old 
AKR mice contains pre-leukemic B cells [129]. 
These pre-leukemic B cells become apparent upon 
transplantation into young recipient AKR mice. 
This finding exemplifies from another angle the 
genetic predisposition of AKR mice (chromosome 
15?) to lymphoma development. 


ITB. Spontaneous HRS /J thymomas 


Inbred hairless HRS/J mice carry a mutant 
autosomal recessive gene (hr) which predisposes 
hr/hr homozygotes, unlike hr/+ heterozygotes, 
to the development of thymic T-cell lymphomas 


[130] As in АКВ mice, thymoma development іп 
HRS/J hr/hr mice is accompanied by the genera- 
tion and expression of MCF MuLV [130,131]. 
Neonatal inoculation with some of these MCF 
viruses accelerates lymphomagenesis in both 
HRS/J and low spontaneous lymphoma incidence 
CBA/J mice [130], but not in SWR/J, NIH/ Swiss 
or NFS mice [130,132]. It was suggested that a 
particular HRS/J hr/hr-derived MCF isolate in- 
duces T-cell lymphomas of discrete phenotype 
[133]. However, the number of lymphomas ex- 
amined was low. In addition, this finding was not 
confirmed by other studies in which the Lyt phe- 
notype and І-А/Е expression of MCF virus-in- 
duced T-cell lymphomas in the AKR mouse 
[25,134] ог C57BL and BALB/c mice were ex- 
amined [135,136]. 


НС. Spontaneous T, B and поп-Т/поп-В cell 
lymphomas in mouse strains with а low spontaneous 
lymphoma incidence 


Integrations of MuLV in the DNA of sponta- 
neous lymphomas from low leukemia incidence 
mouse strains have not been extensively examined. 
In a study with spontaneous lymphomas from H-2 
congenic С57ВІ mice, integrated MuLV genomes 
could be detected in approx. 50% of the tumors 
[137]. These C57BL lymphomas arise at low 
frequency (10-20%) and after a long latency 
(12-230 months of age). Integrations of several 
types of MuLV (MCF, ecotropic) were present in 
the DNA of T, B and non-T/non-B cell 
lymphomas [137]. No correlation was apparent 
between lymphoma type and the presence or ab- 
sence of integrated proviral sequences [137]. The 
DNA of all spontaneous B-cell lymphomas in 
CWD/AgL mice contain MuLV integrations, of 
both ecotropic and MCF MuLV genomes 
[138,139]. . : 

The development of spontaneous B-cell 
lymphomas in SJL mice is associated with the 
expression of MCF viruses [140]. Neonatal inoc- 
ulation of SJL mice with a non-oncogenic MCF 
virus but not with ecotropic MuLV protects these 
mice against the development of spontaneous B- 
cell tumors [141]. 
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ПР. Moloney MuLV-induced T-cell lymphomas in 
mice and rats 


T-cell lymphomas can be induced by ecotropic 
Moloney MuLV in the mouse either by the intro- 
duction in the germline of a Moloney MuLV 
provirus [122,123,142-144] or by inoculation of 
virus into newborn mice [122,123,144]. In both 
situations the T-cell lymphomas have acquired 
integrated MCF MuLV genomes [122,144]. In- 
tegrations of ecotropic Moloney proviruses are 
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Fig. 2. Segregation of proviral integrations in transplanted 
Moloney MuLV-induced lymphomas. EcoRV (panel a, lanes 1 
and 2), EcoRI (panel a, lanes 3, 4, 5 and 6) and KpnI (panel b) 
digests of primary lymphoma DNA from mouse 9, 8 and 17 
(lanes 1, 3 and 5 respectively), and the corresponding trans- 
planted tumors (lanes 2, 4 and 6, respectively) (a) Hybndiza- 
tion to pim-1 probe (b) Hybndization to c-myc probe The 
normal pim-1 allele corresponds to the 22 kbp ( Eco RV) or the 
12 kbp (EcoRI) fragment (panel a), the normal c-myc allele 
corresponds to the 11-kbp fragment (panel b) These analyses 
indicate that some primary Moloney MuLV-induced 
lymphomas contain different tumor cell populations. Upon 
transplantation selection occurs on the subpopulation with a 
proviral insertion іп the vicinity of either c-myc (tumor 8), 
pim-1 (tumor 17) or a subpopulation of tumor cells with both a 
c-myc and рил-1 rearrangement (tumor 9) (adapted from [120]) 
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observed as well [122,144]. In approx. 50% of the 
primary tumor DNAs, integration of either есо- 
tropic or MCF Moloney МШ У is observed in the 
vicinity of c-myc [120] and/or pim-1 [122,123]. In 
these cases, either one or both genes are transcrip- 
tionally activated by the proviral integrations 
[120,122,123]. Most primary Moloney MuLV-in- 
duced mouse T-cell lymphomas are oligoclonal in 
origin, as evaluated by transplantation studies 
which indicated the presence of multiple onc-gene 
rearrangements in separate primary tumor-cell 
populations [120,145] (Fig. 2). 

A striking feature of Moloney MuLV-induced 
T-cell lymphomagenesis in the rat is the finding 
that the DNA of these tumors exclusively contains 
integrations of ecotropic Moloney MuLV genomes 
[146,147]. At low frequency these Moloney MuLV 
genomes integrate in the vicinity of the c-myc 
locus of the rat [148]. 


ПЕ. Т, В and non-T / поп-В cell lymphomas ın- 
duced by AKR-type ecotropic and MCF MuLV т 
mouse strains with a low spontaneous lymphoma 
incidence 


The induction of myeloid leukemias by a hori- 
zontally transmitted MuLV in recombinant BXH 
mice is accompanied by integrations of ecotropic 
MuLV genomes into the tumor DNA [149,150]. 
That this DNA also contains somatically acquired 
MCF proviruses was not excluded [150]. 

Inoculation of H-2 congenic C57BL ог BALB/c 
mice with ecotropic and/or MCF MuLV induces 
a variety of lymphoma types [135,136,151—157]. 
NFS mice congenic for an ecotropic AKV MuLV 
provirus also develop a wide spectrum of 
lymphoma/ leukemia types [158]. Inoculation, in- 
trathymically or otherwise, with virus stocks con- 
taining an oncogenic thymotropic MCF virus in- 
duces T-cell lymphomas at a higher frequency 
[135,136,151,152,159]. The H-2 complex influences 
both the susceptibility to a particular MuLV iso- 
late [135,136,151-.153,155] and the T, B or поп-Т/ 
non-B cell type of the induced lymphomas 
[135,136,155]. After neonatal inoculation of the 
C57BL-derived MCF 1233 virus into H-2-con- 
genic C57BL mice, those H-2-congenic mouse 
strains (e.g., B10.A, B10.BR) which mount poor 
antiviral humoral responses predominantly de- 


velop lymphomas of T-cell type (Ref. 136; Vasmel 
et al., unpublished data). In contrast, the H-2-con- 
genic strains with good antiviral antibody re- 
sponses (e.g., B10, B10.A(5R)) generally develop B 
ог non-T/ поп-В-сей lymphomas (Ref. 136; 
Vasmel et al., unpublished data). 

The structure of the integrated MuLV genomes 
present in the DNA of these different types of 
lymphoma has been examined only to a limited 
extent. A study of T, В and non-T/ non-B cell 
lymphomas induced with cloned MuLV in H-2 
congenic C57BL and BALB/ c mice indicates that 
in these low spontaneous lymphoma incidence 
mouse strains the process of lymphomagenesis is 
accompanied by frequent recombination between 
the inoculated virus and endogenous MuLV [137]. 
For instance, the DNA of T, B or non-T/non-B 
cell lymphomas induced by poorly oncogenic MCF 
viruses often contain integrations of ecotropic 
MuLV [137]. The DNA of different types of 
lymphomas induced by inoculation with ecotropic 
MuLV often contain somatically acquired MCF- 
related genomes [137]. Radiation leukemia virus- 
(RadLV)-induced T-cell lymphomas contain 
somatically acquired RadLV genomes, but the ex- 
act structure of these RadLV genomes and the 
presence of other types of integrated MuLV pro- 
viruses has not been examined in detail [160,161]. 


ПЕ. T, В and non-T /non-B cell lymphomas ın- 
duced by wild-mouse-derived ecotropic and ampho- 
tropic MuLV 


Besides neurogenic hind-limb paralysis [162, 
163], wild-mouse-derived MuLV isolates also in- 
duce lymphomas in susceptible mice [162,164— 
166]. Inoculation with the cloned ecotropic Cas- 
Br-M isolate into NFS/N mice induces a wide 
spectrum of hematologic neoplasias, including T- 
and B-cell lymphomas and myelogenous leukemia 
or erythroleukemia [164]. A study by Jolicoeur 
and DesGroseillers [167] with in vitro constructed 
chimeric viral genomes indicates that the onco- 
genic potential of the ecotropic Cas-Br-E isolate is 
determined by various regions: gag-pol, pol-env 
and LTR. This resembles observations made with 
oncogenic ecotropic and MCF АКК viruses 
[125—127] (subsection ПА). 

In NIH/Swiss mice the induction of splenic 


поп-Т/ поп-В cel lymphomas by the wild- 
mouse-derived amphotropic 1504A virus 1$ accom- 
panied by the generation of a highly oncongenic 
recombinant virus [165]. RNAase Т, oligonucleo- 
tide finger printing indicates recombination in the 
env gene between the parental 1504A virus and 
endogenous xenotropic-like MuLV sequences of 
NIH Swiss mice [166]. 

Although the onset of paralysis induced by 
infection with wild mice-derived ecotropic MuLV 
1$ preceded by the expression of dualtropic MCF 
virus [162], the paralysis appears to be caused 
solely by ecotropic MuLV [163]. 


IIG. Carcinogen and radiation-induced T-cell ` 


lymphomas 


Although both ecotropic and thymotropic MCF 
viruses have been isolated from some X-ray-in- 
duced thymomas, their causative role in both X- 
ray- and carcinogen-induced lymphoma develop- 
ment 15 highly questionable [168—171]. Some stud- 
ies claim that X-ray-induced thymoma develop- 
ment in C57BL/ Ka mice is accompanied by the 
activation of endogenous ecotropic MuLV [172, 
173]. In these studies, however, long-term coculti- 
vations were performed, which favors the possibil- 
ity that the virus was derived from contaminating 
non-lymphomatous tissue. Continuous in vitro cell 
lines derived from the same lymphomas mostly 
produce ecotropic MuLV, but whether the primary 
lymphomas already contained such MuLV is un- 
certain. 

The role of MuLV in X-ray-induced lymphomas 
of BALB/c mice is also unclear. Most lympho- 
matous tissues contain B-tropic ecotropic MuLV, 
but no expression of either MCF or xenotropic 
MuLV is apparent [174,175]. However, expression 
of this ecotropic MuLV is not prognostic for 
tumor development in individual mice, and 
age-matched BALB/c control mice also express 
ecotropic MuLV to some extent [174]. In X-irradi- 
ated NZB mice only xenotropic MuLV was de- 
tected [176]. Studies concerning the susceptibility 
of crosses between mouse strains which either 
contain (BALB/c, RF mice) or do not contain 
(129 mice) an infectious endogenous ecotropic 
Ми М also suggest that infectious ecotropic MuLV 
is not involved in X-ray- or carcinogen-induced 
lymphomas [171]. 
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In conclusion, it is unlikely that insertional 
mutagenesis by MuLV contributes to X-ray- and 
carcinogen-induced lymphomagenesis. This con- 
clusion has been strengthened by the finding that 
the DNA of only a minority of primary 3-methyl- 
cholanthrene-induced T-cell lymphomas in RF 
mice [177] and primary radiation-induced BALB/ 
с апа C57BL lymphomas [161,178] contain newly 
acquired MuLV genomes, although in the latter 
studies the involvement of MCF viruses was not 
completely excluded. Other mechanisms such as 
the acquisition of chromosomal aberrations or 
point mutations in cellular oncogenes are much 
more likely to play a major role. This is supported 
by the finding that a high proportion of carcino- 
gen- and X-ray-induced thymomas in (AKR x 
RF)F, mice contain a mutated transforming N-ras 
or Ki-ras gene [179,180]. 

Interestingly, genetic studies indicate that (1) 
loci controlling radiation-induced lymphomagene- 
sis, (2) loci which encode murine histocompatibil- 
ity or lymphocyte differentiation antigens and (3) 
endogenous MuLV proviruses are closely linked 
[57,84,86--88,181--182]. These virus loci were de- 
tected with probes specific for the env region of 
МСЕ/ xenotropic type of MuLV, and were 
mapped to several chromosomes, including re- 
gions on chromosomes 1 and 2 which also code 
for mouse lymphoid differentiation antigens [57, 
181,182]. 


ПН. Graft-versus-host (СУН)-геаспоп-таисей B- 
cell lymphomas 


The induction of a chronic graft-versus-host 
(GVH) reaction in certain mouse strain combina- 
tions, classically parental BALB/c cells into 
(BALB/cX A)F, hybrid animals, results in the 
development of lymphomas [183,184]. Іп most 
cases these lymphomas develop with a long latency 
(1-2 years) and constitute predominantly B-cell 
tumors of host origin [183,184]. H-2 disparity at 
the left-hand part of H-2 including I-A and/or 
I-E is necessary for the development of these 
Iymphomas [183]. 

The role of MuLV in GVH-associated lympho- 
magenesis is at present still uncertain. One study 
indicates that during the GVH reaction only the 
expression of xenotropic MuLV is activated [185]. 
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However, only a relatively short period of time (6 
weeks) after the onset of the GVH reaction was 
examined [186] In some instances GVH-associ- 
ated lymphomagenesis may be associated with the 
generation of МСЕ MuLV [186,187]. Another 
study indicated activation of B-tropic ecotropic 
MuLV in the process of lymphomagenesis in 
BALB/c > (BALB/c x A)F, mice [188]. In this 
latter study the appropriate controls excluding the 
possible presence of MuLV in the parental spleen 
cells inoculated to induce ОУН were not per- 
formed [183]. More convincing are the findings by 
Varet et al. [189], which indicate synergism be- 
tween MuLV infection and GVH reaction in the 
induction of lymphomas. The phenotype of the 
lymphomas was not examined in this study. 

Southern blot analyses indicate that in the 
BALB/c ~ (BALB/c х A)F, model integrations 
of MuLV occur in the DNA of approx. 80% of the 
lymphomas [184]. These somatically acquired 
MuLV sequences showed predominantly ап eco- 
tropic structure although in some lymphomas de- 
leted MuLV or MCF MuLV genomes were ob- 
served. The implications of these MuLV integra- 
tions for the mechanism of GVH-induced B-cell 
lymphomagenesis are still unclear, because they 
were shown not to have integrated in the vicinity 
of the cellular c-myc, c-mos or c-myb oncogenes 
[184]. Thus the concept that these integrated 
MuLV proviruses contribute to tumor develop- 
ment by insertional mutagenesis has still to be 
validated. 


I-I. The involvement of murine mammary tumor 
viruses (MMTV) in murine thymic lymphomas 


Several studies indicate that in some experi- 
mental murine models murine mammary tumor 
viruses (ММТУ), type-B retroviruses, may Бе in- 
volved in the generation of thymic T-cell lympho- 
mas. Generally, the activation of endogenous 
ММТУ ог infection with exogenous MMTV is 
associated with the development of mammary 
tumors in susceptible strains of mice [190]. In 
female GR mice, the expression of the endogenous 
MMTV-2 provirus causes a high incidence of 
mammary adenocarcinomas [190]. In male GR 


mice, the expression of this endogenous MMTV 
provirus is associated with the development, at 
low incidence, of thymic lymphomas [190]. The 
DNA of these “spontaneous” thymic lymphomas 
arising ш old male GR mice was shown to contain 
integrated MMTV proviruses [191]. These in- 
tegrated MMTV proviruses possess rearranged 
LTRs which contain novel enhancer-like struc- 
tures which may allow T-cell-specific replication 
of the variant MMTV [192]. In the tumor DNAs 
these variant MMTV genomes do not integrate in 
the vicinity of known cellular oncogenes (1.е., c- 
тус, ріт-1, int-1, int-2 and others; Michalides, 
R., personal communication), but other as yet 
unknown genes may be involved. Studies by De- 
bakan and Ball indicate that thymic lymphoma 
induction by injection of a virus complex which 
contains MMTV is also accompanied by integra- 
tion of MMTV genomes into tumor DNA 
[193,194]. Finally, the fact that the DNA of a 
considerable number of transplantable murine T- 
cell lymphomas contains extra copies of integrated 
ММТУ proviruses [195] may implicate MMTV in 
lymphoma development or progression. 


ІШ. Mechanisms of MuLV-induced lymphomagen- 
esis 


In most models which address the question of 
how slow acting murine leukemia viruses (i.e., 
viruses without built-in oncogenes) induce lym- 
phomas, chronic immunostimulation caused by 
MuLV infection is considered as one of tbe etio- 
logic factors. However, in none of these models 
has definitive proof been provided. In addition, 
severe immuno-suppression may also promote 
oncogenesis in some instances [196,197]. The 
mechanisms by which oncogenic transformation 
occurs are clearly diverse, and include insertional 
mutagenesis by MuLV [119,120,122,123], muta- 
tions in cellular oncogenes [179] or the acquisition 
of chromosomal aberrations [198]. The evidence 
for these mechanisms, in addition to the data 
supporting the view that MuLV-specific immune 
lymphocytes or lymphocytes specifically activated 
by MuLV infection may be preferential targets for 
oncogenic transformation, will be reviewed below. 


НТА. Retroviral insertions in the vicinity of cellular 
oncogenes 


Early T-cell lymphomas in mice and rats induced by 
highly virulent MuLV (Moloney virus and oncogenic 
AKR viruses) 

Mice. In Moloney MuLV-induced C57BL and 
BALB/c early (latency 2-6 months) T-cell lym- 
phomas [120,122,123], somatically acquired MuLV 
proviruses are found in the vicinity of pim-1 (ap- 
prox. 50%) and/or c-myc (approx. 45%). These 
frequencies are probably overestimated because 
most of these Moloney MuLV-induced tumors are 
oligoclonal in origin, as evaluated by transplanta- 
tion studies which indicated the presence of multi- 
ple onc-gene rearrangements in separate primary 
tumor-cell populations [120,145] (Fig. 2). Al- 
though many primary Moloney MuLV-induced 
early T-cell lymphomas are oligoclonal, serial 
tumor-transplantation studies unequivocally dem- 
onstrated that c-myc and pim-1 can be activated 
in a single monoclonal tumor line [120,145]. This 
supports the notion that these oncogenes may act 
synergistically in transforming lymphoid cells 
[145]. The product of pim-1 probably belongs to a 
class of lymphoid-specific protein kinases involved 
in the activation and/or proliferation of normal 
lymphocytes [199]. Evidence for deregulation of 
another lymphocyte-specific protein-kinase gene 
by insertional mutagenesis of a MuLV provirus 
was recently obtained from studies of the Molo- 
ney MuLV-induced LSTRA thymoma cell line. 
This gene was termed Isk [200] or tck [201]. In all 
cases examined, the proviral insertions are associ- 
ated with high functional mRNA expression of 
c-myc, pim-1 or IskT/tck and, therefore, these 
viral insertions are probably causative factors in 
the generation of these tumors. Murine T-cell 
lymphomas induced by highly oncogenic AKR 
MCF viruses (latency, 2-6 months) also show а 
high incidence of proviral integrations in the vicin- 
ity of c-myc (10-65%) or pim-1 (15-40%) |120- 
123,202,203]. Some of these tumors may also be 
oligoclonal [202,203]. 

Recently a new locus on chromosome 19, de- 
noted Gin-1, was identified which is a common 
proviral integration site in approximately one-third 
of the Gross passage A-induced mouse thymomas 
(Villemur, R., personal communication). 
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Rats. In approx. 20% of Moloney MuLV- 
induced T-cell lymphomas in the rat, ecotropic 
Moloney genomes integrate in the vicinity of c-myc 
[148]. In addition, five common cellular regions 
(Mlvi-1, Mivi-2, Mlvi-3, Mis-1 and dsi-1) for pro- 
viral DNA integration in Moloney-induced rat 
thymomas have been described (Refs. 146, 147, 
204, 205; Steffen, D.L., personal communication). 
The rat Mis-1 locus corresponds with the mouse 
pvt-1 locus (see below) [206]. In the DNA of some 
of the monoclonal rat tumors proviral integrations 
in the vicinity of both Mlvi-1 and Mlvi-2 are 
observed [204]. In the МІмі-2 region, a 4 kb mRNA 
transcript has been identified (Tsichlis, P.N., per- 
sonal communication) Whether the four other 
common integration sites contain genes which are 
transcriptionally active in these tumors has not yet 
been determined. 


Late murine T-cell lymphomas induced by endog- 
enous or exogenous moderately virulent MuLV 

In approx. 15% of ‘spontaneous’ АКВ 
thymomas and MCF 1233-induced BALB/c and 
CS7BL T-cell lymphomas (latency 6-12 months), 
MuLV insertions in the vicinity of pim-1 or c-myc 
are observed [119-123]. These tumors are pre- 
dominantly monoclonal in origin [78,137]. Re- 
cently in ‘spontaneous’ AKR thymomas insertions 
of MCF proviruses were also observed in the pvt-1 
locus [207], a locus which is defined as a chro- 
mosomal breakpoint on chromosome 15 in mouse 
plasmacytomas carrying the variant 6; 15 translo- 
cation [208] (see subsection ШВ). 


Early Abelson-Moloney MuLV-induced myeloid 
tumors 

The Abelson-Moloney MuLV complex induces 
pre-B-cell lymphomas (latency 1-3 months) in 
susceptible mouse strains [209]. At lower frequency 
myeloid tumors arise (latency 2-4 months), in 
which no integrations of the transforming Abelson 
genome are apparent [210,211]. The DNA of these 
tumors often contains a rearrangement in the c- 
myb locus [210,211] caused by the integration of a 
(deleted) Moloney MuLV provirus [210,211]. These 
viral integrations are associated with considerable 
transcription of c-myb and are often accompanied 
by the presence of c-myb mRNA of aberrant size 
[209-211] which most likely encodes truncated 
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myb proteins [211]. The lack of p53 expression in 
the Abelson MuLV-transformed lymphoid cell line 
L12 is caused by the insertion of a Moloney 
MuLV provirus into the cellular p53 gene [212]. 
Reconstitution by transfection of the L12 cell line 
with a functional p53 gene results in a more 
malignant phenotype of this cell Іше in vivo [213]. 
This fits in with observations made with Friend 
MuLV-induced erythroleukemias, namely that 
over-expression of the cellular p53 gene, which 
was in some cases associated with rearrangements 
in the p53 gene, seems to enhance the malignant 
behaviour of tumor cells [214]. 


Late B and non-T / non-B murine lymphomas 

With respect to spontaneous and MuLV-in- 
duced B and non-T/ non-B cell lymphomas which 
generally develop after a long latency (6—30 
months) no well-established cases of retroviral 
activation of cellular oncogenes have been re- 
ported. Іп Rauscher MuLV-induced pre-B and 
B-cell lymphomas rearrangements in c-myc were 
observed [215] but it was not reported whether 
retroviral insertions were involved [215]. In a large 
series of MuLV-induced C57BL and BALB/c B- 
cell lymphomas no retroviral insertions in the 
vicinity of c-mos, p53, c-myb or pim-1 were ob- 
served (Ref. 137; Zijlstra, M., unpublished ob- 
servations). The DNA of some of the B-cell 
lymphomas (5 out of 82) contained an altered 
c-myc locus, but this could not be correlated with 
retroviral insertions (Matthews, E., personal com- 
munication). At low frequency (4 out of 66) retro- 
viral insertions in the pvt-1 locus are observed in 
these B-cell lymphomas (Matthews, E., personal 
communication). The DNA of 4 out of 7 sponta- 
neous SJL/J B-cell lymphomas contained a re- 
arranged c-abl locus, possibly due to MuLV inser- 
tional mutagenesis (Chang, K.S.S., personal com- 
munication). А striking observation is the high 
ШЕМА expression of pim-1 in both normal B-cell 
blasts and B-cell hybridomas (Selten, G., personal 
communication). 


Other examples of lymphoma / leukemia induction 
assoctated with retroviral insertion 

Recently, a low frequency common proviral 
integration region (Fis-1) on mouse chromosome 7 
in lymphomas and myelogenous leukemias in- 
duced by Friend MuLV has been reported [216]. 


Тһе enhanced c-Ki-ras expression in the mouse 
early myeloid cell line 416B is caused by promoter 
insertion by a deleted Friend provirus within the 
c-Ki-ras gene [217]. 

The myeloid cell line WEHI-3B contains ап 
insertion of an endogenous intracisternal A-par- 
ticle (IAP) genome in the promoter region of the 
interleukin-3 (IL-3) gene which is associated with 
a constitutive high level of IL-3 secretion [218]. 
However, because the WEHI-3B cell line has been 
selected in vitro for a high level of IL-3 produc- 
tion, the biological significance for the develop- 
ment of this WEHI-3B tumor is presently uncer- 
tain. 


Conclusions 

Activation of cellular oncogenes through retro- 
viral insertional mutagenesis has so far only been 
well estabhshed in MuLV-induced early (latency 
2-6 months) murine T-cell lymphomas (1.е., c-myc 
and ріт-1) and MuLV-induced early myeloid 
tumors (i.e, c-myb). Retroviral insertional muta- 
genesis involving known cellular oncogenes occurs 
in only a small percentage of the MuLV-induced 
T, B and non-T/non-B cell lymphomas which 
develop after a longer latency (6—30 months). In 
the remaining overwhelming majority of these 
tumors, unknown cellular oncogenes may be in- 
volved. Alternatively, mutations in cellular onco- 
genes or the acquisition of chromosomal 
abnormalities, e.g., translocations activating or de- 
regulating cellular oncogenes (see subsection ШВ) 
may be more important. 


IH B. Overview of chromosome aberrations in virus- 
and non-virus-induced murine lymphomas and ој 
loci important in tumorigenesis 


Chromosome aberrations, including trisomy 
and reciprocal translocations, are characteristi- 
cally found in certain types of both virus- and 
non-virus-induced mouse lymphomas/ leukemias. 
The chromosomal assignment of the different 
(putative) mouse cellular oncogenes and of the 
T-cell receptor and B-cell immunoglobulin genes 
is shown in Table II. The different cellular onco- 
genes are spread over many chromosomes of the 
mouse (Table II). Strikingly, chromosome 15 con- 
tains both a considerable number of proven cellu- 


TABLE II 
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CHROMOSOMAL ASSIGNMENT OF CELLULAR ONCOGENES AND THE T AND B CELL RECEPTOR GENES IN THE 


MOUSE | 


The chromosomal assignment of the mouse bel-1, bcl-2, рг, neu, М-тус, rel, ros, ski and yes loci has not been reported yet 


Mouse chromo- Putative * 





T/B cell receptor genes 





some no cellular oncogene 
1 = с 
2 abl 5,src * - 
3 N-ras 4 - 
4 тов” Е 
5 = = 
6 Ki-ras °,raf 9 к light chain immunoglobulin 
gene °, В chain T-cell receptor ' 
7 fes > (Fis-1) 8 Ha-ras ^nt-2^ - 
8 ' = = 
9 Ets-1' - 
10 myb ° - 
11 erb-A J,erb-B ),p53 * 2 
12 fos ! heavy chain immunoglobulin * 
13 - y chain T-cell receptor ™ 
14 - a chain T-cell receptor ™ 
15 int-1 ^,(Mlvi-1) ?(Mlvi-2) Р, - 
тус У (pvt-1) 3,(Mis-1) "sis > 
16 Ets-2' А light chain immunoglobulin gene © 
17 (int-3) *;pim-1 ',Tlym-1 У - 
18 - . - 
19 (Gin-1) * & 
X Е d 
Y Ж = 














а Putative oncogenes are listed in brackets; ? [219], € [220]; © [221], * [222]; € [223]; 8 Friend leukemia virus integration site-1, [216]; 
"ref. [224]; ' [225], ! [226], * [227]; ! [228]; ™ [229]; " [230]; ° [231], P [232]; 4 [208]; " Moloney integration site-1, identical to pvt-1 
[206]; 5 MMTV, integration site-3, Galahan, D , personal communication; ' [233]; “ ref 234, Tlym-1 shares homology with class I 
MHC genes, formally Tlym-1 has not been assigned to chromosome 17, Y Gross integration site-1, Villemur, R, personal 


communication 


lar oncogenes (c-sis, int-1 and c-myc) as well as 
candidate oncogene loci implicated in а break- 
point in variant translocations in plasmacytomas 
(pvt-1) or as common retroviral insertion sites in 
T-cell lymphomas (Міуі-1, Mlvi-2). А listing of 
the chromosome abnormalities observed in differ- 
ent types of mouse lymphoma/ leukemia, is given 
below (Table IIT): 

Murine T-cell lymphomas. Тһе most common 
chromosome aberration in murine T-cell lympho- 
mas is trisomy of chromosome 15 [198,235-244] 
(Table IIT). Initially trisomy 15 was found in most 
‘spontaneous’ primary AKR/J lymphomas [235]. 
Subsequent studies indicated that trisomy 15 also 
occurred at high frequency in primary T-cell 
lymphomas induced by X-rays [236], RadLV [237], 


Moloney MuLV [238-240] or carcinogens 
[241-244]. That trisomy 15 is а causative event in 
the development of these T-cell tumors is sup- 
ported by the following observations. First, stud- 
ies with Moloney MuLV-induced [238] ог 
carcinogen-induced [238,242] tumors showed that 
in mice that carry chromosome 15 in a Robertson- 
ian translocation a duplication of the Robertson- 
ian chromosome occurred in the tumor cells 
[238,242]. Second, carcinogen-induced T-cell 
tumors obtained in crosses with CBAT6T6 mice 
which possess a T(14; 15)6 chromosome, а non- 
random duplication of chromosome 15 was ob- 
served [241]. In (АКВ x CBAT6T6)F, mice only 
duplication of the AKR-derived chromosome 15 
was observed [241] while in (CS7BL X 
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TABLE Ш 


CHROMOSOME ABERRATIONS ІМ MURINE LYMPHOMAS/LEUKEMIA 














Tumor Type Inducing agent Mouse stram Chrom aberrations Ref 
T “Spontaneous” (endo- AKR/J Trisomy 15 235 

genous MuLV) 
T X-rays С57ВІ., 129 Тизошу 15 236 
T RadLV C57BL Tnsomy 15,17 237 
T Moloney MuLV Several Trisomy 15 238 
T Moloney MuLV A/Sn, (A X CS7BL)F, Tnsomy 15 239,240 
T Carcinogen Several - Tnsomy 15 241,242 
T Carcinogen (C578L/6J X DBA/2)F, Tnsomy 1,14,15 243 
Plasmacytoma Mineral oil BALB/c 112;15 222,250,251 
Plasmacytoma Mineral oil 1615 208,222,250-252 
Plasmacytoma Mineral oil 16:12:15 260 
Plasmacytoma Mineral oil + Abelson BALB/c t 12;15;t 6,15 251 

virus Trisomy 11 

Plasmacytoma Mineral oil BALB/c 16,10 264 
B cell Miscellaneous Several Trisomy 15, others 272,273 
Non-T/non-B cell Carcinogen SJL Trisomy 3,12,18 274 
Myelocytic X-rays C3H,RFM Deleted chrom 2 215 
Erythroid Rauscher MuLV BALB/c, DBA/2 Trisomy 3,15, monosomy 6 276 


CBAT6T6)F, tumors only duplication of the 
CBAT6T6-derived T(14; 15)6 chromosome oc- 
curred [241]. Also in T-cell lymphomas induced by 
MuLV or by carcinogens in Б, hybrids between 
AKR and C57BL mice, a preferential duplication 
of AKR chromosome 15 is observed, indicating a 
correlation of the presence of AKR chromosome 
15 with lymphomagenesis as opposed to chro- 
mosome 15 of low leukemia-incidence C57BL mice 
[244]. Third, in vitro growth of a spontaneous 
AKR T-cell lymphoma was shown to be associ- 
ated with triplication of one chromosome 15 con- 
taining an altered c-myc-containing EcoRI frag- 
ment [245]. Finally, in somatic hybrids between a 
trisomic AKR lymphoma with normal diploid 
fibroblasts or. lymphocytes, highly tumorigenic hy- 
brids were characterized by the amplification of a 
lymphoma-derived chromosome 15 [246]. Hence, 
the genetic content of chromosome 15 appears to 
be decisive for the preferential duplication in T-cell 
lymphomas [198]. 

Other chromosome aberrations have been ob- 
served as well. In approx. 50% of transplanted 
RadLV-induced T-cell lymphomas trisomy 17 is 
observed, in addition to trisomy 15 which is al- 
ready present in the majority of the primary 
lymphomas [237]. In carcinogen-induced tumors 








trisomy 14 is frequently observed [242,243]. A 
minority of butylnitrosourea-induced T-cell 
tumors contain undefined translocations or a tri- 
somy of chromosome 1 [243] (Table ШІ). Strik- 
ingly, 3-methylcholantrene-induced T-cell lym- 
phomas of RF mice exhibit a normal diploid 
complement of chromosomes [247]. 

Murine plasmacytomas. Murine plasmacytomas 
can be induced in certain inbred strains by the 
injection of mineral oil or the implantation of 
plastic dishes into the peritoneal cavity [248]; 
BALB/c and NZB mice are most susceptible [248]. 
In the development of these plasmacytomas 
(latency 6-12 months) the spread of endogenous 
infectious ecotropic MuLV is probably not im- 
portant [249]. The majority of the plasmacytomas 
carry a reciprocal translocation between the distal 
portion of chromosome 15 and the distal part of 
chromosome 12 [222,250,251]. A minority contains 
а (6; 15) translocation [208,222,250-252]. 

In most cases the (12; 15) translocation was 
shown to involve a recombination between c-myc 
on chromosome 15 and the allelically excluded 
[222] а heavy-chain immunoglobulin constant ге- 
gion on chromosome 12 [253,254]. Also reciprocal 
chromosomal translocations between c-myc and 
the immunoglobulin у, [255] or yy, [256] con- 


stant genes have been reported. In general, the 
translocated c-myc and immunoglobulin genes are 
found in opposite transcriptional orientation 
[253,256]. The (12; 15) translocation is in most 
cases associated with the production of a novel-size 
approx. 2.1 kb mRNA which lacks sequences of 
the first non-coding exon of c-myc [253,257,258]. 
In the plasmacytomas which carry a (12; 15) 
translocation the level of c-myc mRNA is 30-35- 
fold greater than in normal, quiescent B cells 
[259]. Normal B-cell blasts, however, express com- 
parably high levels of c-myc mRNA [259]. 

In the plasmacytomas which carry the variant 
(6; 15) translocations the breakpoint on chro- 
mosome 6 occurs near the immunoglobulin Cr 
gene [208,251,252]. The breakpoint’ on chro- 
mosome 15 in these tumors maps cytogenetically 
to the same chromosome band as ‘c-myc (208,222, 
251,252] Surprisingly, іп 5 out of 9 plasma- 
cytomas examined, this breakpoint on chro- 
mosome 15 occurs at least 72 kbp from the c-myc 
gene in a locus denoted pvt-1 [208,252]. Whether 
the pvt-1 locus encodes a cellular oncogene or 
alternatively the pvt-1 locus activates c-myc via 
long-range effects is uncertain [208,252]. In the 
other four plasmacytomas examined which carry 
the variant (6; 15) translocation, neither pvt-1 or 
c-myc on chromosome 15 was involved [252]. 
Hence, other pvt-1-like loci may exist. 

Also, к rearrangements which have led to join- 
ing of an unknown locus at chromosome 15, the к 
gene on chromosome 6 and the Sp region of 
chromosome 12 have been reported [260]. In ad- 
dition, a transposition of a 23 kbp segment of the 
immunoglobulin heavy chain locus to c-myc has 
been described [261]. 

In conclusion, the chromosomal translocations 
activating c-myc provide an interesting parallel 
with c-myc activation by retroviral insertion. As in 
the case of retrovirally activated c-myc the coding 
second and third exons of c-myc are always intact, 
despite considerable variability of the transloca- 
tion breakpoints in or around the c-myc and Ig 
genes. The c-myc activation probably proceeds by 
several mechanisms [262], although ап IgH en- 
hancer may be the activation element in transloca- 
tion involving IgH [263]. 

In the plasmacytoma cell line NS-1 a (6; 10) 
translocation is observed, in which the immuno- 
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globulin Ск gene has translocated to an unknown 
single-copy locus on chromosome 10 [264]. This 
locus shows no homology with a large number of 
cellular oncogenes including c-myb which has been 
localized on chromosome 10 [220]. 

Plasmacytomas arise in BALB/c mice more 
rapidly when, 1n addition to mineral oil, the mice 
are also inoculated with the Abelson-Moloney 
MuLV complex [251]. Most of these plasma- 
cytomas carry a (12; 15) or a (6; 15) translocation 
and integrated v-abl sequences [251]. Interestingly, 
most of these tumors also contain a trisomy of 
chromosome 11 [251]. 

A number of plasmacytoma cell lines [265-269] 
and hybridomas derived from these plasma- 
cytomas [266,267] contain a rearranged c-mos gene 
which is transcriptionally active and can trans- 
form mouse fibroblasts in transfection assays [265]. 
The c-mos rearrangement 1s caused by the integra- 
tion of an endogenous intracisternal A-particle 
(IAP) genome in either a head-to-head [268,269] 
or head-to-tail [269] orientation 5^ to c-mos. The 
IAP integrations occur in the c-mos coding region 
and hence most likely result in the production of a 
smaller c-mos gene product. This 1$ in concor- 
dance with the observation that in the XRPC-24 
cell line mRNA synthesis starts either in the junc- 
tion of the IAP-LTR and the 3’ part of the 
rearranged c-mos or within the IAP-LTR [269]. In 
this way the IAP integration is most likely bypass- 
ing the regulatory function of mouse sequences 
upstream of the unrearranged c-mos gene which 
normally prevent expression of c-mos [270]. 

Other types of mouse leukemia / lymphoma. 
Abelson-Moloney virus-induced pre-B cell tumors 
remain diploid, even after a high number of in 
vivo passages [271]. Most likely the integration 
and expression of transforming v-abl sequences is 
sufficient to maintain the transformed status of 
these tumors [209,271]. In transplanted sponta- 
neous [272,273] and primary DMBA-induced B- 
cell tumors, which are surface immunoglobulin- 
positive, no (12; 15) or (6; 15) translocations are 
found, but trisomy 15 is the most common chro- 


-mosomal abnormality. However, a considerable 


number of additional karyotypic abnormalities was 
observed, including at low frequency trisomy of 
chromosomes 1, 4, 5, 9, 11, 12, 17, 18, 19, mono- 
somies and the presence of marker chromosomes 
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[273]. In 13 MuLV-induced B-cell lymphomas of 
C57BL or BALB/c origin, 8 tumors had an extra 
chromosome 15. Eight tumors had abnormalities 
of chromosome 11 (3 with trisomy, 2 with translo- 
cations, 3 with insertions of unknown origin). No 
plasmacytoma-like translocations involving c-myc 
were seen (Matthews et al., unpublished data). 

DMBA-induced SJL non-T/non-B cell lym- 
phomas are often trisomic for chromosomes 3, 12 
and/or 18 but not for 15 [274]. Irradiation-in- 
duced myelocytic leukemias іп СЗН апа КЕМ 
mice carry a partly deleted chromosome 2 [275]. 
In primary BALB/c and DBA/2 Rauscher 
MuLV-induced erythroid leukemias no сћго- 
mosome abnormalities were found [276]. However, 
in transplanted tumors and cell lines derived from 
these tumors trisomy 15, trisomy 3 and monosomy 
6 were found at high frequency [276]. The karyo- 
type of the cell lines was rather unstable and 
evolved rapidly [276]. 


IIC. Other etiologic factors involved in T-cell 
lymphomagenesis induced by Moloney MuLV in the 
mouse 


The induction of T-cell lymphomas by Molo- 
ney murine leukemia virus is accompanied in most 
mouse strains by extensive viremia [277]. Another 
important feature of Moloney MuLV infection is 
the in-vivo expansion (up to 30-100-fold) of a 
population of immature T cells responsive to in- 
terleukin-3 (IL-3) [278,279]. Production of IL-3 
can be induced in vitro in normal spleen cells by 
the T-cell mitogen concanavalin A or in the spleen 
cells of Moloney MuLV-infected mice by the ad- 
dition of the Moloney MuLV gp70 or p12 proteins 
[280]. IL-3 enables the outgrowth of Lyt 172" T 
cells in vitro into continuously growing Lyt 1727 
T cells [281]. These Lyt 1*2- T cells are marked 
by their 20a-hydroxysteroid dehydrogenase (20a 
SDH) content. It is possible that Moloney MuLV 
infection in vivo expands the population of nor- 
mal T cells expressing 20aSDH activity [282], 
although this has not been thoroughly studied. In 
addition, only approximately one-third of the 
Moloney MuLV-induced T-cell lymphomas ex- 
presses 20aSDH activity [282,284]. 

The main argument that this IL-3 induced T-cell 
population expressing 20aSDH activity is essen- 


tial for oncogenesis comes from the difference in 
lymphoma incidence between the two closely re- 
lated CBA/N and CBA/J mouse strains [280]. 
These closely related strains differ in an X-linked 
recessive locus which prevents the development of 
an immune response to certain antigens in the 
CBA/N mouse. Neonatal inoculation of Moloney 
MuLV in CBA/J mice is causing early viremia, ап 
in vitro proliferative response to ecotropic Molo- 
ney MuLV proteins and the induction of T-cell 
lymphomas [280]. In neonatally inoculated 
CBA/N mice extensive viremia also occurs, but 
no in vitro proliferative response against Moloney 
MuLV proteins can be measured and in vivo 
T-cell lymphomas arise after much longer latency 
[280,283]. However, CBA/J mice carry an endoge- 
nous ecotropic provirus which is absent in CBA/N 
mice [55]. In addition, CBA/N and CBA/J mice 
differ in the chromosome 5 encoded Rmcf" locus 
(see subsection IB) which restricts infection by 
МСЕ virus in vitro [55]. In vitro, CBA/N cells 
show this restriction for MCF МШ.У replication 
but CBA/J cells do not [55]. If this restriction also 
operates in vivo MCF virus could spread less 
efficiently in CBA/N mice, leading to a lower 
susceptibility to T-cell lymphomagenesis. 


ПІР. Other etiologic factors involved in thymoma 
development т АКК mice 


AKR mice ‘spontaneously’ develop thymomas 
with an incidence of over 90% within 1 year 
(average age of death from lymphoma is about 9 
months). MCF viruses most likely play an im- 
portant role in this thymoma development (see 
subsection ПА). Retroviral insertional mutagene- 
sis ав an important etiologic mechanism in the 
generation of at least a proportion of AKR 
thymomas was discussed in subsection ША. We 
also discussed the role of chromosome abnormali- 
ties including trisomy 15 (subsection ШВ). We 
shall now discuss the possibility of involvement of 
specific T-cell receptors for (MCF) viruses as an 
etiologic factor. 

In studies by McGrath and Weissman with 
MuLV-induced АКВ and CS7BL thymomas, the 
binding of different FITC-labeled virions to 
lymphomas induced by different MuLV isolates 
was investigated [285,286]. There was a tendency 


of the lymphomas to preferentially bind the 
FITC-labeled virion of the MuLV isolate which 
induced that particular lymphoma. However, the 
number of lymphomas examined was low. Іп ad- 
dition, some appropriate control experiments were 
not performed. The binding of the FITC-labeled 
MuLV virions to normal thymocytes was ex- 
amined and found to be low, but no binding 
studies were performed with mitogen or inter- 
leukin-stimulated normal thymocytes or mature T 
cells. Nevertheless, the data were interpreted as an 
argument in favor of lymphoma development as a 
result of а specific interaction between an 
antigen-specific T-cell receptor expressed by the 
individual lymphomas and an antigen present on 
the viral envelope resulting in an auto-stimulation 
of the virus-binding (pre)leukemic cells [285,286]. 

Another argument used by the authors [285,286] 
to stress the importance of the expression of this 
virus-binding receptor came from transplantation 
studies with preleukemic thymuses and their abil- 
ity to grow out to autonomous lymphomas [286]. 
By separating virus-binding (receptor*) from 
non-virus-binding cells (receptor^) a strong en- 
richment was found in the receptor* fraction of 
cells capable of forming tumors upon transplanta- 
tion into a secondary host [286]. However, this 
same selection also enriched for large blast cells, 
which could be a common feature of preleukemic 
cells. Studies with a larger number of individual 
lymphomas, appropriate controls and use of 
probes specific for the T-cell receptor (287] have 
to be used to further investigate the validity of this 
auto-stimulation model. 


ШЕ. Antigen-specific Т cells transformed by the 
radiation leukemia virus (RadLV) 


It has been suggested that 1n-vivo primed anti- 
gen-specific helper T-cells [288—290], cytotoxic T 
cells [291] or suppressor T cells [292,293] are pref- 
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erential targets for in-vitro transformation by 
RadLV. In these studies (in vitro selected popula- 
tions of) T cells which were primed in vivo for 
DNP-KLH [288], OVA-DNP [289,290], hen egg- 
white lysozyme [292], syngeneic sarcoma cells [291] 
or Torpedo californica nicotinic acetylcholine re- 
ceptor [293], were infected with RadLV in vitro, 
and subsequently injected into irradiated syn- 
geneic recipients. Lymphomas arose in a number 
of animals after а latency of 3-6 months. Of these 
tumors 20-80% were shown to be of donor cell 
type. A number of these donor T-cell derived 
T-cell lymphomas possessed antigen-specific 
helper [288-290], cytolytic [291] or suppressor cell 
activity [292,293], as evaluated from in vitro anti- 
gen-specific T-cell proliferation, cytolytic T-cell 
and in vivo or in vitro antigen-specific plaque-for- 
ming cell (PFC) assays. However, the helper cell 
activity of some tumors was only marginal [288]. 
In addition, in most experiments it was not com- 
pletely ruled out that the helper [288-290] or 
suppressor cell [269] activity was mediated by the 
production of non-specific mediators such as in- 
terleukin-2, interferon-y, B-cell growth factor or 
B-cell differentiation factor. 


IV. Regulation of anti-MuLV immune responses 
IVA. The H-2 complex 


The MHC of the mouse (H-2 complex) plays 
an important role in regulating immune responses 
to most antigens [294-298], including MuLV pro- 
teins. Immune responses which are strongly in- 


` fluenced by the H-2 complex include the magni- 


tude of antibody responses against T-cell-depen- 
dent antigens, T and B lymphocyte antigen-pre- 
senting, cell interactions, the production of 
lymphokines (e.g., interleukin-2 and y interferon), 
delayed hypersensitivity reactions and the strength 
and specificity of virus-specific cytotoxic T- 
lymphocyte (CTL) responses [294—298]. The H-2 
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Fig 3 Genetic organization of the H-2 complex (adapted from Ref. 298) 
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complex is located оп chromosome 17 and сап be 
divided into six regions [295,298,299]: К, I, S, D, 
L and Qa/TL (Fig. 3). The products encoded by 
the different regions of H-2 are divided both 
biochemically and functionally into three classes: 
class I, class II and class Ш МНС molecules 
[295,298]. 

Class I molecules are heterodimers of an H-2 
encoded 44K glycoprotein non-covalently associ- 
ated with. 5-2 microglobulin on the outer surface 
of the cell membrane [295,298,299]. The non-poly- 
morphic 12K 2-2 microglobulin is encoded by а 
locus on chromosome 2 [299]. Class I molecules 
are encoded by the K, D and L regions and are 
expressed on most nucleated cells in the body. 
Their main function is specificity direction and 
regulation of CTL responses [294-298]. CTL di- 
rected against viral and other antigens are H-2 
restricted, i.e., they recognize specific antigen in 
association with self class I MHC molecules. This 
association has been shown to be selective, i.e., a 
CTL response to a certain antigen occurs only if 
that antigen is presented in association with cer- 
tain К, D or L class I MHC products [294—298]. 
In this way, class I molecules regulate both the 
magnitude and specificity of CTLs directed against 
viral antigens [294—298]. The class I-like molecules 
encoded by the Qa/TL region are only expressed 
on certain somatic cells including subsets of 
lymphocytes and their biologic function is pre- 
sently unknown. 

Class II molecules. The I region of the H-2 
complex codes for class II MHC products: the I-A 
and I-E molecules. These class II molecules are 
membrane-bound heterodimers of non-covalently 
associated 32 kDa a-chain and 28 kDa B-chain 
glycoproteins [295,298]. A third polypeptide, which 
is not encoded by a locus within H-2, has been 
described, the 31 kDa invariant chain molecule, 
which occurs in the cytoplasm associated with 
class II molecules but not with the cell-surface 
forms of class П molecules [300,301]. The а chains 
are relatively nonpolymorphic but the В chains are 
highly polymorphic- among different alleles. In 
contrast to class I molecules, class П МНС prod- 
ucts are only expressed on certain cells in the 
body, e.g, B cells, Langerhans cells in the skin, 
thymic nurse cells and antigen-presenting cells 
such as macrophages and dendritic cells [295,302]. 


Class II molecules function as restricting elements 
for T-helper cells. Responses of T-helper cells 
occur only if a particular antigen is presented in 
association with a certain class II molecule. In this 
way, T-helper cells influence the magnitude of 
both CTL and antibody responses [295-297]. The 
existence of and the exact chromosomal site of the 
I-J locus which is thought to encode molecules 
expressed on certain suppressor T lymphocytes 15 
both genetically and biochemically uncertain 
[295,299,303]. 

Class III molecules. Although encoded by loci 
within the H-2 complex, the gene products of the 
complement encoding loci C4 and Slp do not 
function as restricting and/or regulating elements 
for T-cell dependent immune responses and there- 
fore are grouped separately as class III molecules. 


IVB. The antibody response against MuLV virions 


Most H-2-linked immune response (Ir) gene(s) 
which regulate anti-MuLV virion antibody re- 
sponses have been mapped to the I region of the 
H-2 complex [304,305]. In addition, the subclass 
of the MuLV-specific immunoglobulins is under 
H-2 linked Ir gene control. High responder В10 
(H-25) mice produce predominantly antibodies of 
IgG class after neonatal infection with MuLV, 
while low responder В10.А (H-2*) mice produce 
predominantly low titer IgM [305,306]. The same 
Ir gene phenomena are seen after the neonatal 
inoculation of MCF viruses into В10 and B10.A 
mice [307]. It 1s now clear that the I region-en- 
coded molecules responsible for the Ir gene phe- 
nomena are synonymous with class II H-2 mole- 
cules [295]. 

The mouse antibodies which are produced after 
MuLV infection/ immunization are directed 
mainly against the MuLV gp70 and р15(Е) env 
proteins and occasionally against gag proteins 
[308]. The antibodies can be group- or type- 
specific, but 1n general are a mixture of these 
[309-312]. Type specificity in the gp70, р15(Е), 
£p85 env precursor, p15 and p30 viral proteins has 
been shown also by monoclonal antibodies specific 
for ecotropic AKR MuLV [18,313], the ecotropic 
ЕМЕ viruses [19,314–316] апа MCF and/or 
xenotropic MuLV [19,20,317,318]. These MCF 
and/or xenotropic MuLV-specific antibodies аге 


produced only under certain circumstances, e.g., 
after inoculation of syngeneic MCF-infected 
thymocytes [317] or by the induction of a GVH 
reaction [20,318]. 

Besides their titer and immunoglobulin class, 
the fine specificity of MuLV-specific antibodies 
may also be important in their biological role. 
Heterologous rabbit or goat anti-gp70 but not 
anti-p15(E) antibodies are able to neutralize MuLV 
in the absence of complement [319]. This finding 
was confirmed in a study with MuLV-specific 
rat/mouse monoclonal antibodies [14]. Only one 
monoclonal anti-gp70 antibody neutralized the in- 
fectivity of MuLV, while 8 others (5 anti-gp70 and 
3 апа-р15(Е)), which all recognize different epi- 
topes, were unable to do so [14]. The binding of 
non-neutralizing anti-gp70 antibodies can be 
imagined to inhibit the binding of neutralizing 
anti-gp70 antibodies. This could explain why 
sometimes mouse sera simultaneously contain 
anti-gp70 antibodies and infectious MuLV 1320, 
321]. 

Other studies with the same monoclonal anti- 
£p 70 and anti-p15(E) antibodies indicate that only 
the anti-p15(E) antibodies are able to lyse MuLV 
virions in the presence of complement [322]. This 
property may reflect the position of the p15(E) 
molecules embedded into the viral envelope, while 
the gp70 molecules are expressed more on the 
outer surface of the virion envelope. This finding 
is consistent with the observation that many mouse 
sera which contain anti-MuLV antibodies can 
neutralize MuLV only to some extent [323]. This 
neutralization is strongly enhanced, however, by 
the addition of heterologous guinea pig comple- 
ment [324]. 

Of interest is the presence in high titer of a 
non-immunoglobulin MuLV-inactivating factor in 
sera of normal uninfected mice. This factor co- 
purifies with the low-density lipoprotein fraction 
of mouse sera and neutralizes MCF and xeno- 
tropic, but not ecotropic MuLV [325]. NIH Swiss 
mice lack this factor [325]. 


IVC. The antibody response against MuLV-related 
cell-surface antigens 


In addition to antibodies reactive with MuLV 
virions, (cytotoxic) antibodies which (exclusively) 
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recognize MuLV-infected (tumor) cells may be an 
important factor in resistance against MuLV-in- 
duced lymphomagenesis [326—329]. Strikingly, a 
considerable number.of both conventional and 
monoclonal anti-MuLV env-specific antibodies 
bind to MuLV virions, but poorly or not at all 
with the cell surface of MuLV-infected cells 
[330-332]. On the other hand, some monoclonal 
antibodies which recognize MCF MuLV env-pre- 
cursor proteins on the cell membrane do not react 
with purified gp70 and/or p15(E) or intact virions 
(Refs. 20, 317; Zijlstra, M., unpublished observa- 
tions). Furthermore, antibodies directed against 
the p308 or the glycosylated Pr658°8 precursor 
exclusively react with the outer cell membrane of 
infected cells, but not with intact virions [333]. 

Many MuLV-related cell-surface antigens have 
been described, which are expressed on some 
tumor cells and/or (subsets of) normal lymphoid 
cells of certain strains of mice. These antigens are 
defined either by conventional antibodies, i.e., the 
X.1 [334], GCSA [335], Grana- [336], Gaxsr 
[337], XenCSA [338] and Gio a) [332] antigens, 
or are defined by monoclonal antibodies, 1.е., the 
G,x [335,339] and Сев» [340] antigens. De- 
tailed reviews describing most of these antigens 
are available [13,335]. The production of antibod- 
ies against some of these MuLV-related cell-surface 
antigens is under H-2 control [332,334], while in 
other cases the role of H-2 was not examined. 
Under certain circumstances (1mmunization with 
allogeneic MuLV* cells) antibodies may be pro- 
duced which recognize a serologically detectable 
viral(-induced?) antigen which may be recognized 
in association with H-2 [341]. 

The effectiveness of (the different subclasses of) 
antibodies directed against MuLV-related cell- 
surface antigens in resistance against MuLV-in- 
duced viremia and lymphomagenesis has not been 
investigated in detail. 


IVD. Cytotoxic T-cell response against MuLV 


In general, CTL responses against the exoge- 
nous ecotropic FMR MuLV can be evoked easily 
in the appropriate strains of responder mice 
[342-344]. In contrast, CTL responses against en- 
dogenous ecotropic AKR type of MuLV can be 
elicited only in some strains of mice or under 


216 


special circumstances, i.e, by immunization with 
allogeneic virus-positive tumors [345,346]. 
Моопеу MuLV. Priming for СТІ, responses 
against this exogenous ecotropic MuLV can be 
performed either by the induction and subsequent 
regression of a sarcoma in the thigh by the Molo- 
ney-sarcoma complex [38,347,348] or by the inoc- 
ulation of syngeneic tumor cells expressing Molo- 
ney MuLV [342,349]. In vitro restimulation can be 
performed either by Moloney MuLV-positive syn- 
geneic tumor cells [342,348,349] or by syngeneic 
Moloney MuLV-infected B-cell blasts [40]. CTL 
responsiveness is associated with several H-2 
haplotyes [343,344,348,350,351]. Mice neonatally 
infected with Moloney MuLV do not mount to a 
Moloney MuLV-specific CTL response, probably 
because they have a much lower Moloney MuLV- 
specific CTL precursor frequency than uninfected 
adult mice [352,353], although some weak indica- 
tions for the presence of suppressor cells were also 
obtained [354]. Several viral antigens may be ге- 
cognized by bulk cultures of Moloney MuLV- 
specific CTL. Cells which are transfected with 
molecularly cloned Moloney MuLV gp70 and 
р15(Е) sequences are killed by bulk cultures of 
Moloney-specific CTL to some extent [355]. Stud- 
ies by Van der Hoorn et al. [356] indicate that the 
8р858% precursor is also recognized by CTL 
clones. The importance of Moloney-specific CTL 
in either the resistance against Moloney MuLV-in- 
duced lymphomagenesis [348] or the regression of 
Moloney-sarcoma complex-induced sarcomas 
[357,358] has been questioned. In the latter system 
mature T cells are necessary for rejection [347,359]. 
- B-cell deprived [360] and natural killer(NK)-cell 
deprived [361] beige mice still reject the sarcoma. 
However, the sarcoma also regressed normally in 
strains of mice which in vitro do not mount a 
Moloney-specific CTL response [348,357,358,362]. 
Thus, a delayed type hypersensitivity reaction 
mediated by Lyt 1*2^ T cells [347] with involve- 
ment of activated, possibly cytotoxic macrophages 
might play a decisive role in the sarcoma regres- 
sion [347,357,358,362]. On the other hand, Molo- 
ney MuLV-specific CTL clones prevent the out- 
growth of transplanted Moloney MuLV-induced 
lymphomas [356], which may indicate that differ- 
ent immunological mechanisms mediate resistance 
against sarcoma-versus-lymphoma development. 


Friend / Rauscher MuLV. CTL specific for 
Friend and Rauscher MuLV-induced lymphomas 
have been generated [342,349,363,364]. In bulk 
cultures these CTL also recognize syngeneic Molo- 
ney MuLV-induced tumor cells but not lympho- 
mas induced by AKR type of ecotropic MuLV 
[342]. A more complex picture is emerging from 
studies with individual CTL clones in which reac- 
tivity of FMR-specific CTL with АКВ MuLV-in- 
duced lymphomas is sometimes observed [349]. A 
drawback in the interpretation of these studies is 
the lack of knowledge of the viral antigens recog- 
nized by the Rauscher/ Friend-specific T-helper 
lymphocytes and CTL. Rauscher MuLV gp70 can 
stimulate [> H]thymidine uptake by T cells in many 
mouse strains which indicates that some of the 
virus-specific T-helper cells can recognize the 
Rauscher gp70 molecule [365]. Indeed, helper T- 
cell clones have been described which can be 
stimulated by the Friend gp70 protein [366]. Stud- 
ies with tumor cell variants indicate that the gp70 
molecule could also be a target antigen recognized 
by the virus-specific CTL [363,364]. Recent studies 
by Holt et al [367] with transfected H-2 and 
Friend MuLV genes point out that bulk cultures 
of Friend MuLV-specific CTL recognize both gag 
and env gene-encoded specificities. 

АКВ MuLV. CTL responses against ecotropic 
AKR type of MuLV, which is endogenous to most 
strains of mice, can be evoked by the inoculation 
of syngeneic tumor cells only in a few strains of 
mice [342,349,368,369]. T cells from naive non-im- 
munized mice suppress the in vitro generation of 
these CTL [370]. Іп C57BL/6 (H-2^) mice virus- 
specific CTL can only be generated under certain 
circumstances, ie, by immunization with al- 
logeneic virus-positive tumors [345,346,371]. For 
in vivo priming the alloantigen and the viral anti- 
gens have to be present on the same cell [346] H-2 
congenic B6.H-2* mice are poor responders in this 
system [372]. The viral antigens recognized by the 
CTL specific for AKR type MuLV are still uncer- 
tam. Initial studies indicated that the viral gag 
precursor could be the target antigen [371]. This 
finding was supported by the observation that 
some monoclonal antibodies directed against the 
gp70 and р15(Е) envelope proteins of ecotropic 
AKR MuLV could not block the CTL activity 
[330], while some monoclonal anti-p308** were 


able to do so [369]. In addition, CTL lyse cells 
transfected with a cloned АКУ MuLV gag репе 
[373]. However, studies with tumor cell variants 
indicate that the gp70 molecule could (also) be a 
target for CTL [374,375]. Hence, both the gag 
precursor and gp70 molecule may be targets for 
virus-specific CTL. Which antigen is preferentially 
recognized may be dependent on the responder 
mouse strain (Plata, F., personal communication). 
Spleen cells of normal AKR Fvy-1°/" mice express 
а СТІ, target antigen [376]. However, spleen cells 
of АКВ Еу-1°/® mice are found to be negative for 
this antigen [377,378], probably because the Fv- 
19% genotype interferes with the spread of the 
N-tropic endogenous ecotropic АКВ Мим [377, 
378]. 

Radiation leukemia virus. In several strains of 
mice, RadLV-specific CTL can be generated by 
inoculation of RadLV or RadLV-transformed cells 
[379-382]. Resistance to lymphomagenesis in- 
duced by a certain RadLV isolate correlates with 
the ability to mount a virus-specific CTL response 
[381]. However, resistance is also correlated with 
the capacity to mount a delayed-type hypersensi- 
tivity response [383]. In tumorigenesis by highly 
leukemogeneic RadLV variants such as A-RadL У, 
tumor-specific immune suppression has been in- 
voked as an important tumor promoting mecha- 
nism [380,384]. 

Xenotropic / MCF MuLV. CTL responses 
specific for xenotropic or MCF MuLV have not 
been documented. 


IVE. NK-cell reactivity with (MuLV-infected) tumor 
cells 


The involvement of NK cells in resistance to 
murine (MuLV-induced) lymphomagenesis has 
been investigated mainly by three sets of experi- 
ments. First, mice with the beige (bg) mutation 
carry а recessive gene which is associated with a 
severe depression of NK-cell activity (385,386]. 
This depressed NK-cell activity 15 accompanied by 
a somewhat higher susceptibility to tumorigenesis 
after the inoculation of syngeneic leukemia cells 
[387,388] and with a slightly enhanced incidence 
of carcinogen-induced tumors including lympho- 
mas [389]. To our knowledge no studies have been 
reported in which the susceptibility of bg/bg mice 
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to MuLV-induced lymphomagenesis was ex- 
amined. Second, in vitro selected NK-sensitive 
tumor-cell variants grow less efficiently in bg/ + 
mice in comparison with bg/bg mice [390]. Recent 
interesting studies with in vitro obtained variants 
of class I H-2-negative T-cell tumors indicates that 
these variants are much more sensitive to lysis by 
NK cells [391—393]. Third, cloned NK cells inhibit 
radiation-induced thymic leukemia [394]. 

The interpretation of these findings is difficult, 
however, because (1) NK cells are heterogeneous 
both in phenotype and target cell specificity and it 
is difficult to distinguish at least some of them 
from T cells [395] and (2) in beige mice not only 
decreased NK-cell activity but also low allo- 
specific T-cell responses have been reported [396], 
which might reflect an additional defect in T-cell 
function. 


IVF. Effects of interferons on the spread ој MuLV 


Interferons are a family of glycoproteins 
secreted in response to either viral infection or 
some non-viral inducers such as double-stranded 
polyribonucleotides. According to their biochem- 
ical and biological properties IFNs have been 
classified into three categories [397]: (1) IFN-a, 
acid stable interferon produced by cells (including 
lymphocytes) in response to a viral infection; (2) 
ТЕМ-В, acid stable interferon produced by virus- 
infected fibroblasts; and (3) IFN-y, acid-labile 
interferon produced by antigen- or mitogen- 
stimulated T cells. Although poorly documented 
at this moment, the production of IFN-a, ТЕМ-8 
or IFN-y could all be important in (H-2-linked) 
resistance against MuLV-induced lymphomagene- 
sis. Interferons can be envisaged to influence the 
process of lymphomagenesis by two main mecha- 
nisms. 

First, interferons may influence MuLV repli- 
cation and/or expression in MuLV-infected cells. 
Several isolates of MuLV have been shown to 
induce an uncharacterized ‘IFN’ in vivo [398]. In 
vitro studies indicate that IFN-y inhibits MuLV 
replication, most likely by inhibiting the integra- 
tion of proviral DNA іп the cellular genome 
[399,400]. This could be a reflection of the more 
general property of ‘IFN’ to inhibit the stable 
integration of foreign (transfected) DNA [401]. In 
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addition, ‘IFN’ inhibits the production of infec- 
tious MuLV particles in cells which already con- 
tain transcriptionally active proviral MuLV 
[402,403], perhaps as a result of an aberrant 
processing of some MuLV proteins [404]. 

Second, interferons could influence the spread 
of MuLV by affecting the magnitude of anti- 
MuLV immune responses. Molecularly cloned 
IFN-y has been shown to elevate the expression of 
both class I and class II MHC antigens in the 
mouse [405,406], and therefore in this way may 
facilitate the generation of class-I/ II-restricted 
MuLV-specific T-cell responses. Third, molecu- 
larly cloned IFN-y is able to enhance the antibody 
production by B cells [407,408]. 

Anti-a/B IFN antibodies enhance in vivo the 
growth of some transplantable murine tumors 
[409]. High doses of ТЕМ-В inhibit Rauscher 
MuLV-induced erythroleukemia [410]. The admin- 
istration of “ТЕМ” to pregnant АКВ mice inhibits 
the expression of ecotropic MuLV early in life of 
their progeny [411]. In all cases several (immuno- 
logical) mechanisms could play а role and ad- 
ditional studies have to be performed with molec- 


TABLE IV 
H-2-LINKED RESISTANCE LOCI IN LEUKEMOGENESIS 
Adapted from Ref. 159 


ularly cloned IFN and monoclonal anti-IFN anti- 
bodies. 


V. H-2 and MuLV-induced lymphomagenesis 


VA. H-2 influence on susceptibility to MuLV-in- 
duced lymphomagenesis 


Genetic control by the H-2 complex of suscept- 
ibility to MuLV-induced lymphomagenesis was 
first demonstrated in 1964 by Lilly et al. [412]. In 
crosses between C3H (H-2*) and C57BL (H-2^) 
mice, susceptibility to lymphomagenesis by the 
Gross passage А virus was associated with the 
H-2*M* phenotype [412]. In subsequent studies 
with H-2 congenic C57BL апа BALB/c mice, 
resistance was mapped to the K-end (including the 
K, I-A, I-J and I-E regions) of the H-2 complex 
[413]. 

Thereafter, several H-2-linked resistance genes 
were mapped for different types of MuLV (Table 
IV). In most cases the resistance gene(s) to a 
particular MuLV was assigned to several regions 
of H-2 (Table IV), usually including a locus in the 








Virus Position within Resistant Locus Postulated mechamsm of resistance to Ref. 
the H-2 complex haplotype leukemogenesis/remarks 
Gross passage A КЉАЉЈЉЕ H-2° Rgv-1 1mmunological resistance 413 
Friend MuLV D H-2^ Riv-1 T-cell immunity 414-416 
K,I-A,I-J,I-E H-2? Rfv-2 no explanation 415 
Moloney MuLV КГА H-25,H-2 Rmv-1 production of anti-virus antibodies 304 
Moloney MuLV 1-Е,5 H-25,H-2* Rmv-2 production of anti-virus antibodies 304 
Moloney MuLV D-end H-25,H-2* Rmv-3 production of anti-virus antibodies 304 
A-RadLV I-A H-2* Rrv-1 immunological resistance 152,159,423 
9 І-Е,5 Rrv-2 against preleukemic cells 423 
D-RadLV K,I-A H-2? nd * immunological resistance against 152,423 
preleukemic cells 
RadLV (Kaplan) K,I-A ** H-2° nd immunological resistance against 153 
preleukemic cells 
RadLV (Kaplan) D-end H-2°,H-24 n.d elevated H-2 expression enhances 151,381,420 
| cellular immune response 
RS-RadLV КАДА ** H-23 nd. immunological resistance 153 
B/TL MuLV S.D H-25 nd no explanation 424 
MCF 1233 I-A H-25 nd immunological resistance Vasmel et al , 


unpublished data 








ж Not designated; ** H-2D-hnked resistance also observed 
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І region (Table IV). This indicates that several 
H-2-linked immune resistance mechanisms play a 
role. Mapping of resistance to the I region indi- 
cates a predominant role for class П MHC-re- 
stricted (helper) T cells. These virus-specific 
(helper) T cells may regulate either the antibody 
response to virions and/or virus-infected (tumor) 
cells or may mediate virus-specific delayed-type 
hypersensitivity reactions, mediated by release of 
lymphokines from the T-helper cells. However, 
when class I MHC-restricted virus-specific CTL 
are involved in resistance, influences of both class 
I and class II MHC genes can be envisaged [297]. 

Two H-2-linked resistance genes have been 
mapped for the splenomegaly induced by the 
Friend MuLV complex. The first one, Rfv-1, maps 
to the D region of H-2 and may influence both the 
level and kinetics of a Friend MuLV-specific T-cell 
response [414—416]. The second gene, Rfv-2, 15 
located in the K and/or I-A/E regions [414,415]. 
A third, non-H-2-linked gene (Rfv-3) influences 
recovery from both viremia and leukemia [417], 
most likely by regulating the formation of anti- 
bodies modulating the expression of viral cell- 
surface gp70 [418]. 

Resistance to Moloney MuLV-induced viremia 
has been mapped to three loci within the H-2 
complex. The Rmv-1 gene maps to the K or I-A 
region [277,419], the Rmv-2 maps to the I-E or S 
region [277] and Rmv-3 maps to the D end of the 
H-2 complex [277]. All three Rmv genes act like 
immune response genes controlling the production 
of antiviral antibodies [304]. Rmv-1, Rmv-2 and 
Rmv-3 were also considered to influence the sus- 
ceptibility to Moloney MuLV-induced lymphoma- 
genesis, but so far data to support this conclusion 
were mainly mentioned but not shown [277,419]. 
Thus, the exact role of these three genes in resis- 
tance against lymphomagenesis cannot be 
evaluated and the important question remains 
whether there is a strict correlation between the 
magnitude of the antibody response, the level of 
viremia and the susceptibility to lymphomagenesis 
[283]. This question is especially relevant because 
in the same studies it was demonstrated that some 
non-H-2 gene(s) carried by DBA/2 and A/J mice 
can confer resistance to lymphomagenesis in spite 
of a high persisting level of viremia [277]. A sex- 
dependent gene linked to H-2 has been described 
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which would significantly influence the expression 
of CBA genes for lymphoma resistance in F, hy- 
brids with H-2 congenic BALB/c mice [283]. 

Susceptibility to thymoma development after 
intrathymic inoculation of a radiation leukemia 
virus (RadLV) has been assigned to the D locus of 
Н-2 [420]. Resistance to RadLV-induced thymoma 
development was accompanied by a rapid increase 
in expression of H-2D molecules by the thymo- 
cytes of resistant mice [151] which correlated with 
the ability to mount a virus-specific CTL response 
[381]. In susceptible strains of mice no enhanced 
H-2D expression or virus-specific CTL were seen 
[151,420]. To explain this phenomenon the authors 
propose that a specific integration of RadLV in 
the vicinity of the H-2D locus оссигз, which would 
enhance the expression of H-2D gene. However, 
this hypothesis and other possible mechanisms, 
such as the action of soluble mediators (e.g., inter- 
feron) remain to be verified [151,159,420,421]. In 
addition, the observation of selected enhanced 
class I MHC expression оп MuLV-infected 
thymocytes of resistant mouse strains was not 
confirmed by others [159,422]. 

Lonat and Haran-Ghera investigated tumori- 
genesis induced by different RadLV variants 
[152,153]. Resistance genes were localized to the К 
and/or I-A regions and in addition an influence 
of the D region was observed [153]. Sometimes a 
complementation between the I-A and I-E region 
was apparent in resistance [152]. The mechanism(s) 
which confers resistance against tumorigenesis in- 
duced by these RadLV variants is (are) still un- 
known but appears to be mediated in some cases 
by I region-restricted virus-specific T cells [159, 
423]. 

The resistance to cloned MCF 1233 virus-in- 
duced early T-cell lymphomas has been localized 
to the I-A region of the H-2 complex (Vasmel et 
al, unpublished data). Susceptibility to T-cell 
lymphoma development is associated with an H-2 
I-A-determined high grade of permanent thymus 
infection (Ref. 136; Vasmel et al, unpublished 
data) In a comparison of anti-MuLV antibody 
titers and susceptibility to early T-cell lymphoma- 
genesis induced by MCF 1233 among groups of 
intra-H-2 recombinant mice, a clearcut overall 
correlation was observed between resistance to 
early T-cell lymphomas and the capacity to pro- 
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duce high titers of anti-MuLV envelope antibodies 
(Ref. 307; Vasmel et al., unpublished data). How- 
ever, looking at high and low antibody titers of 
individual писе within a single mouse strain, we 
found no significant correlation between the H-2- 
influenced anti-MuLV envelope antibody level at 
2 months of age and the time of appearance of a 
tumor (Ref. 307; Vasmel et al., unpublished data). 
This implies that either the immunoglobulin sub- 
class [305—307] or the kinetics of the antibody 
response are most important or alternatively, that 
other I region-restricted immune responses are 
operating (e.g., lymphokine release, delayed hyper- 
sensitivity reaction). 

In conclusion, it seems that both the biological 
properties of different MuLV isolates and the host 
resistance towards these 1solates are highly poly- 
morphic. This resembles the polymorphism of Ir 
gene regulation of antibody responses to other 
viruses, foreign proteins and synthetic peptides 
and T-helper cell and CTL responses against dif- 
ferent viruses and haptens [294—298]. It should be 
pointed out that in the studies which indicate an 
H-2D association with lymphomagenesis, involve- 
ment of the adjacent Qa and TL regions was not 
excluded in most cases. In addition, in most stud- 
ies the mice were probably not examined for the 
presence of a milk-transmitted ecotropic MuLV or 
the presence of anti-MuLV antibodies, factors 
which can influence susceptibility to MuLV-in- 
duced lymphomagenesis [136]. The fact that most 
studies were performed with uncloned in vivo 
passaged MuLV, which probably contains several 
host-range classes of MuLV also complicates these 
studies. 

Finally, the important role of non-H-2-linked 
genes has to be stressed. Some of these genes, such 
аз Ру-1 (see subsection IB), exert a non-immuno- 
logic influence on lymphomagenesis by governing 
virus spread [46,425], while for instance the Rfv-3 
gene reportedly regulates the level of anti-viral 
antibody responses [417,418]. In some situations 
these non-H-2-resistance/ susceptibility genes are 
clearly the most important factors controlling 
lymphomagenesis [321,414,426—428]. 


VB. Imbalanced expression of МНС molecules on 
murine lymphomas 


Class 1 MHC. Both in spontaneous and 
MuLV-induced murine lymphomas, imbalanced 
expression of class I MHC molecules has been 
observed. 

Festenstein and Schmidt have reported that 
most primary AKR (K*D*) thymomas have a low 
cell surface expression of the K* molecule, in 
contrast to a strong D* expression [429,430]. In 
more adequate flow cytofluorometry experiments 
performed by Oudshoorn-Snoek and Demant [431] 
this finding was not confirmed, however. The AKR 
thymoma-derived cell line K36-16 lacks expres- 
sion of КЕ on the cell surface [432]. Transfection 
of this K36-16 cell line with a transcriptionally 
active КЕ gene strongly decreases the transplanta- 
bility of this cell line [432], perhaps as a result of 
enhanced susceptibility in vivo to a K*-restricted 
MuLV-specific cytotoxic T-cell response [429,430, 
432]. On the other hand, studies with variants of 
T-cell tumors which lack class I MHC expression 
indicate that these variants are much less tumori- 
genic due to an enhanced sensitivity to lysis by 
NK cells [391-393]. Certain RadLV-induced 
lymphomas lack MHC class I expression associ- 
ated with hypermethylation of these genes [433]. 
In the DNA of some of these tumors altered 
restriction enzyme patterns of MHC class I genes 
are also observed [433]. 

Certain Moloney MuLV-induced T-cell lym- 
phomas have also lost expression of certain class I 
MHC molecules [434]. Strikingly, a recent study 
by Flyer et al. [435] indicates that Moloney MuLV 
infection in mouse fibroblasts induces a 10-fold 
increase of class I MHC cell surface expression. 
Spontaneous or transplanted SJL/J B-cell 
lymphomas which have lost H-2D* expression, are 
much more aggressive upon transplantation in 
syngeneic recipient mice [436]. Observations in 
other rodent tumor models [437—441] also indicate 
an important role of class I MHC gene expression 
in tumorigenesis and metastasis. 

Class П МНС. Out of a series of 24 primary 
B10.A (1-A*, I-E*) B-cell lymphomas two readily 
transplantable primary В10.А (I-A*, I-E*) B-cell 
lymphomas with imbalanced class П MHC ex- 
pression have been observed [442]. Both tumors 


ЕР 


mE 


show strong cell surface I-E* expression but only 
minimal I-A* expression. In one tumor the minimal 
cell surface I-A* expression was associated with a 
strongly reduced level of АВ mRNA, while the 
other tumor expressed only a minimal level of Aa 
mRNA [442]. The biological relevance of this find- 
ing is presently still uncertain [442]. 

In conclusion, in some cases immunoselection 
against MuLV-specific immune' responses may 
lead to an aberrant expression of class I or class II 
MHC on tumor cells. In other cases, immunose- 
lection may lead to the loss of the viral target 
antigen involved, as described by Van der Hoorn 
et al [356] for the development of variant 
lymphoma cells which escape from lysis by class I 
MHC-restricted Moloney MuLV-specific CTL 
clones. 
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VC. Presence of H-2 molecules on MuLV virions 


Contradictory observations have been made 
concerning the question whether H-2 molecules 
(selectively) incorporate into (budding) MuLV vi- 
rions. Non-random inclusion of certain class I 
MHC antigens was noted in Friend [443—445] and 
Rauscher [446] MuLV particles. In immuno-elec- 
tron microscopy experiments with MuLV produc- 
ing cell lines, class I MHC molecules at the surface 
of MuLV particles were found by some [447] but 
not by others [448]. The latter study also failed to 
identify a specific association between class I MHC 
and viral antigens at the cell surface [448]. No 
studies concerning the presence of class II MHC 
antigens on MuLV virions have been reported. 








TABLE V 
SUMMARY OF THE MAIN CHARACTERISTICS OF ‘SPONTANEOUS’ AND MuLV-INDUCED LYMPHOMAS IN THE 
MOUSE 
Tumor type Experimental model Type of MuLV Retroviral Common chromosomal 
(latency in | integrations insertional abnormalities 
months) in tumor DNA mutagenesis 
Early T Moloney MuLV-induced many MCF c-myc, trisomy 15 
(2-6) few ecotropic ріт-1 

oncogenic МСЕ MuLV- many MCF c-myc, nt* 

induced few ecotropic pim-1 

Late T ‘spontaneous’ AKR many MCF c-myc, tnsomy 15 
(6-12) thymomas few ecotropic pim-1 

‘spontaneous’ HRS/J nt. nt nt. 

thymomas 
MCF 1233-induced many MCF, pim-1 nt 
! few ecotropic 

X-rays, carcinogens none n.t trisomy 15 
Early pre-B Abelson-Moloney transforming попе? попе 
(1-3) MuLV-induced v-abl sequences 
Late B MuLV-induced C57BL ecotropic none © trisomy 15 
(6—30) and BALB/c tumors : 

‘spontaneous’ CWD/Agl ecotropic nt n.t 

tumors 

GVH reaction-induced ecotropic попе € nt. 
Late plasma- mineral oil-induced nt. none P (12:15) and (6:15) 
cytomas chromosome 
(6-12) translocations 
Early mye- Abelson-Moloney n.t c-myb n.t 
loid (2-4) MuLV-induced 
Later mye- milk-transmitted ecotropic nt nt 
loid (6-24) MuLV-induced 





а n.t, not reported; ? examined Гог c-myc and с-туб, © examined for c-myc, рип-1 and c-myb 
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VI. Conclusions 


The genome of all inbred and most wild mice 
contains a large number (15 to 30) of MuLV-re- 
lated proviruses. In most inbred mice ecotropic, 
dualtropic MCF as well as xenotropic MuLV-re- 
lated proviral sequences are present in the ge- 
nome, either as intact inducible proviruses or as 
non-inducible (probably defective) proviruses. 

A summary of the main characteristics of 
‘spontaneous’ and MuLV-induced mouse lympho- 
mas is given in Table V. In high ‘spontaneous’ 
lymphoma incidence AKR and HRS/J mice, the 
development of “spontaneous” T-cell lymphomas 
(latency 6-12 months) is associated with an early 
expression of endogenous ecotropic MuLV. 
Thereafter this activated endogenous ecotropic 
MuLV recombines with other endogenous MuLV 
genomes, resulting in the generation of a highly 
polymorphic group of ecotropic and MCF MuLV 
with recombinations in the viral gag-pol, gp70, 
р15(Е) and/or LTR regions. In the DNA of these 
‘spontaneous’ T-cell tumors (latency 6-12 
months), but also in early T-cell lymphomas in- 
duced by highly oncogenic exogenous MuLV iso- 
lates (latency 2-6 months), predominantly somati- 
cally acquired MCF genomes are found (Table V). 
In ‘spontaneous’ C57BL lymphomas, which occur 
at much lower frequency (10-20%) and after a 
longer latency (12-30 months), the DNA of ap- 
proximately 50% of the tumors contains integrated 
MuLV genomes. In the DNA of MuLV-induced 
and GVH reaction-induced B-cell tumors (latency 
6—24 months) the majority of integrated MuLV 
genomes are ecotropic. 

That integrated MuLV genomes activate cellu- 
lar oncogenes by insertional mutagenesis has so 
far only been established in a limited number of 
experimental models. In Moloney MuLV-induced 
С5ТВІ. and BALB/c early T-cell lymphomas 
(latency 2-6 months), зотайеаПу acquired MuLV 
proviruses are found in the vicinity of pim-1 (ap- 
prox. 50%) and c-myc (approx. 45%) (Table V). 
These frequencies are probably overestimated be- 
cause most of these Moloney MuLV-induced 
tumors are oligoclonal in origin. In all cases the 
proviral insertion is associated with high func- 
tional mRNA expression of the cellular oncogene 
involved and therefore the viral insertion is most 


likely a causative factor in the generation of these 
tumors. Also in ‘spontaneous’ AKR (approx. 15%) 
and oncogenic AKV-type MuLV-induced early 
T-cell АКВ, BALB/c and C57BL lymphomas 
(15-65%) МШ.У insertions in the vicinity of pim-1 
or c-myc are observed (Table У). Myeloid tumors 
(latency 2-4 months) induced by the Abelson- 
Moloney complex often contain an insertion of a 
deleted Moloney Мш У provirus in the vicinity of 
the c-myb locus and express a high level of func- 
попа! c-myb mRNA. 

With respect to B and non-T/ non-B cell tumors 
which generally develop after a long latency (6—24 
months) so far no well-established retroviral 
activation of known cellular oncogenes has been 
reported. Thus, the mechanism(s) of in vivo onco- 
genic transformation in the group of late B and 
non-T/non-B cell lymphomas and the T-cell 
lymphomas which do not contain retroviral in- 
tegrations in the vicinity of c-myc or pim-1 is still 
uncertain. Unknown oncogenes might have been 
activated by a retroviral insertion in some of these 
tumors. 

Alternatively, in the group of late T, B and 
non-T/ non-B cell lymphomas a chronic immune 
stimulation evoked by a persistent MuLV infec- 
tion is leading to the generation of point mutation 
in genes of the ras family or the acquisition of 
chromosomai aberrations which may be more rele- 
vant for malignant behavior of these tumors. This 
15 consistent with the observation that in many of 
the late developing T-cell tumors trisomy 15 is 
frequently observed (Table V). B-celi lymphomas 
often contain a trisomic chromosome 15 and tri- 
somy 3, 12 and/or 18 has been described for 
carcinogen-induced non-T/ non-B cell lymphomas. 
In mineral oil-induced plasmacytomas usually a 
(12; 15) translocation is found, in which the c-myc 
gene on chromosome 15 has translocated to one of 
the heavy chain immunoglobulin loci on chro- 
mosome 12. A minority of the plasmacytomas 
contain a variant (6; 15) translocation, in which a 
locus on chromosome 15 denoted as pvt-1 1s trans- 
located to the к light chain on chromosome 6. 
Although the pvt-1 locus cytogenetically maps to 
the same chromosome band, as c-myc, the pvt-1 
locus is localized at least 72 kbp from c-myc. 

Oncogenesis by different types of MuLV is 
clearly modulated by immune mechanisms (Fig. 
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Fig. 4 Viral lymphomagenesis 1n the mouse. 


4). The H-2 complex exerts a clear influence on 
the magnitude of anti-MuLV immune responses. 
Both the production and (sub)class of antibodies 
directed against MuLV envelope or MuLV-related 
cell-surface antigens is regulated by the H-2 com- 
plex. The generation and specificity of cytotoxic T 
lymphocytes specific for MuLV is also under H-2 
control Therefore the marked influence of the 
H-2 complex on resistance to viral lymphomagen- 
esis is explained most readily by H-2-controlled 
immunological resistance mechanisms directed 
against MuLV antigens or MuLV-induced cellular 
antigens. The assignment of resistance to different 
H-2 loci (class I and class IT) indicates that both 
class I- and class Il-restricted T-cell responses 
mediate the H-2 influence. Indeed, H-2 controlled 
immune mechanisms were shown to operate at the 
level of anti-viral antibodies, virus-specific helper 
T cells, virus-specific cytotoxic T cells or I 
region-linked inhibition of the outgrowth of pre- 
leukemic cells. Escape from these H-2-controlled 
immune mechanisms could lie at the base of the 
imbalanced expression of class I MHC molecules 


on some T- and B-cell lymphomas and of the 
imbalanced expression of class II MHC molecules 
on some B cell lymphomas (Fig. 4). 

The clear influence of the H-2 complex on the 
phenotype of lymphomas induced by neonatal 
1noculation of MuLV is also explained most read- 
ily by differences іп H-2-controlled anti-viral im- 
mune responses. Mice with poor anti-viral im- 
mune responses undergo strong virus spread at an 
early age, leading to a high level of infection of the 
thymus and subsequent generation of T-cell 
lymphomas. H-2 congenic mice with better anti- 
viral immune responses are partly resistant to 
T-cell lymphomagenesis but later on, after involu- 
tion of the thymus develop B-cell lymphomas. 
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p. 1, right-hand column, line 4 of text: p. 6, 


for “Г read ‘IP? 


p. 4, left-hand column, lines 8 to 6 from bottom 
should read: 

cells were mostly Lyt-1*,2* (putative cytotoxic 

cells; see below) while about 10-15% were Lyt- 

1%27 (putative helper cells) [59]. By day 8, a 
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left-hand column, lines 32 and 38: 
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